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Abstract 
The benefits of low UV dose treatment of horticultural produce – also known as hormetic 
treatment - have been attested to in numerous studies conducted over the last 15 years. 
However, commercial growers have not adopted the concept of hormesis. With increasingly 
stringent controls on the use of fungicides and other chemical agents the time has come to 
examine how hormetic treatment might be applied in the horticulture sector.  
The objectives of this work were firstly, to confirm UV-induced hormetic effects applied 
postharvest for a number of different types of produce, namely, tomatoes, broccoli, strawberries 
and mangoes. Secondly, to evaluate the use of rollers to ensure full surface treatment of 
produce, and thirdly to evaluate the possibility of treating produce preharvest. 
 
In order to investigate surface UV dose distributions,  a polystyrene sphere (Diameter 70 mm) 
was used to simulate fruits such as tomatoes, apples, peaches etc., that have an approximately 
spherical form. Biodosimetry based on spores of Bacillus subtilis was employed to 
experimentally determine UV doses and to compare the results obtained with theoretical 
predictions. Good agreement was obtained and the modelling approach was extended to other 
types of produce. This showed the amenability of mechanical rollers to ensure full surface 
treatment of produce. 
 
Postharvest treatment of produce was carried using conventional low intensity UV sources 
principally emitting at 254 nm and also a commercially available high energy pulsed UV source. 
Treatment using the conventional UV source was carried out on mechanical rollers within a UV 
cabinet designed for this work at a fixed distance from the source and at an intensity of 1000 
µW/cm
2
. A 5 minute conventional UV treatment of tomatoes was approximately comparable to 
fruit given a 3-pulsed treatment using the pulsed source (507 J/pulse of polychromatic light). 
The colour and texture of both groups of fruit were significantly maintained as compared with 
controls. The treated tomatoes also showed a significant increase in the ascorbic acid levels 
during storage. Similarly, a 15 minute conventional UV treatment of broccoli heads was 
comparable to heads given a 10-pulsed treatment using the pulsed source. Where both 
treatments gave rise to a statistically significant retention of green colour of treated broccoli. In 
addition, mangoes given a 10 minute conventional UV treatment were comparable to fruit given 
a 20-pulsed treatment using the pulsed source with both treatments leading to maintenance of 
texture as compared to control fruit. This confirmed the UV-hormetic effects. The effects of 
conventional and pulsed treatments are compared and discussed. 
   
Preharvest treatment of tomatoes and strawberries was carried out in commercial glasshouses. 
Doses of either 3 or 8 kJ/m
2
 were delivered to the fruits using a treatment device designed for 
the work, which delivered a combined intensity of 2000 µW/cm
2
 from two low pressure UV 
sources. The treated tomatoes showed a delay in development of colour as measured on the 
vine and after picking. Picked tomatoes were inoculated with P. digitatum and C. 
gloeosporioides and the results obtained showed a significant inhibition of the development of 
the fungi in the treated fruit during the storage period. These results suggest that the beneficial 
response shown by the preharvest treatment is not a localised one but a systematically induced 
resistance observable throughout the treated plant. This was shown by monitoring tomato fruits 
on treated plants which themselves where not directly exposed to the UV light. 
 
The two doses elicited different responses in the treated strawberries, with the 8 kJ/m
2
 dose 
causing the fruit to redden significantly faster than the 3 kJ/m
2
 treated fruits and controls. This 
could have significant nutritional benefit as the red colour of strawberries has been correlated 
with anthocyanin levels. On the other hand, treatment at the lower UV dose led to a lag in 
colour development. The amenability of the equipment utilised for commercial application is 
discussed. 
 
Key Words: Shelf life extension of horticultural produce; Preharvest; UV Hormesis; UV 
Treatment Equipment; Biodosimetry; Pulsed UV light 
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Chapter 1  
1.0 Introduction 
It is confidently predicted that the world‟s population will surpass 9 billion by 
2050 (Gilland, 2002; Hodges, 2005; Khan and Hanjra, 2009), this will place 
enormous strains on the provision of fuels, water and food – resources that are 
already in short supply. Associated with this astronomical growth in population 
is the mass movement of people to big cities in search of jobs and better living 
conditions. This movement will place huge additional strains on utilities in such 
cities.  One aspect which is usually the first to be affected is the supply of water. 
Starke (2000) has shown that most of the water needed for irrigation in farming 
communities was being redirected to meet increasing demand in growing cities. 
With the amount of fresh water produced by the hydrological cycle being 
constant over the past 60 years, it is predicted that the problem of water 
shortages will become acute by 2050. Also, other studies have predicted that 
by 2050, 67% of the world‟s population will be living in areas where there are 
shortages of fresh water which will impact greatly on agricultural industries 
owing to the huge water demands of agriculture (Arnell, 1999; Wallace 2000).  
 
With already 16.7 % of the world‟s population living under the threat of 
malnutrition or even starvation, much emphasis needs to be placed into 
maximising the provision of food to prevent future famines (Timmer, 2010). 
Losses occur at every stage of production in what is usually referred to as from 
„farm to fork‟, and the causes of such losses are many and varied.  To consider 
just one aspect, post harvest losses of fruit and vegetables account for a 
significant fraction. The magnitude of these losses has been estimated as being 
as high as 50% of the total amount of produce harvested in developing 
countries (Wilson and Wisniewski, 1989; Dal Bello et al., 2008). This problem if 
left unchecked is capable of having a significant impact not only on food prices 
but also on availability with potential for malnutrition and even starvation on a 
vast scale.  
 
2 
 
A number of factors have been implicated in the post harvest losses of fresh 
produce these include the activity of rodents, physical damage during 
harvesting, handling and transportation, inadequate storage techniques and 
attack by spoilage fungi. The causes vary by crop hence a direct comparison of 
individual factors giving rise to spoilage is not easy to arrive at (Ghaouth et al., 
1992; Ahmad et al., 1995; Herppich et al., 1999).  
 
The scale of post harvest losses in developed countries is not as severe as in 
developing countries, but attention is nonetheless increasingly being put into 
reducing their scale and impact. Such losses should not only be seen as 
representing a decreased availability of food, but also in terms of the wastage 
of energy, water and other scarce resources. Associated with this needless 
consumption of resources is the generation of greenhouse gases. There are 
therefore great challenges in attempting to feed the Earth‟s growing population 
worldwide without causing a significant increase in the amount of greenhouse 
gases produced (Johnson et al., 2005; Roy et al., 2008; Meisterling et al., 
2009). 
 
Current approaches to combating such losses have been to resort to 
agricultural chemicals and a culture of heavy dependence on such chemicals 
now exists. The use of these chemicals in the treatment and decontamination of 
fruits and vegetables, though seemingly effective, has a host of drawbacks.  
Residual traces of such compounds are routinely detected in fruits and 
vegetables (Blasco et al., 2002) and some of these are known to be harmful to 
the consumer. These chemicals include herbicides, pesticides and fungicides, 
with fungicides being the most widely used (Blasco et al., 2002, Peter et al., 
2005). The ill effects of some of these agricultural chemicals are shown in Table 
1.1 below. 
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Active Agent Use Adverse 
Health Effects 
Reference 
Copper sulphate Fungicide Haemolytic 
anaemia 
Kayacan et al., (2007) 
Ziram Fungicide Carcinogenic Caldas et al., (2001) 
Dicamba Herbicide Genotoxic Gonzalez et al., (2009) 
 
Table 1.1: Adverse effects of some common agricultural chemicals 
 
As a result of these threats to health, governments in many parts of the world 
have put stringent measures in place to control the use of chemicals in 
agriculture.  In the European Union, there is the EU Pesticide Directive 
(Barriada-Pereira, 2010), which places restrictions on the amount of pesticide 
that can be utilised in order to protect consumers as well as the environment. 
The use of pesticides in areas where vulnerable people could come in contact 
with it is completely banned. Also, the directive stipulates that aerial spraying 
should be minimised. The emphasis is placed on better management of 
pesticides as well as a reduction in amounts used, with all member states 
expected to implement these provisions by 2011 (EU, pesticide Directive). 
 
The House of Lords, 7th Report on Science and Technology (1998) shows that 
consumers of fresh fruits and vegetables stand the risk of not just of being 
poisoned by fungicide residue on treated fruits, but that there was the chance of 
the targeted organisms becoming resistant to the fungicides. A common 
antibiotic fungicide which is usually applied post harvest to preserve fruit and 
vegetables from spoilage is tetracycline (USDA 1954; Hsiao et al., 2001) which 
is also used in the treatment of humans (e.g acne treatment).  
 
Whilst the resistant phytopathogens themselves might be completely benign, 
they are capable of transferring their resistance to more pathogenic organisms. 
This could lead to resistance against antibiotics which could otherwise have 
been effective against diseases, hence the recommendation of The House of 
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Lords for a reduction in the use of antibiotics in fields outside human medicine- 
especially agriculture. 
If legislation leads to the application of less chemical pesticides, fungicides etc., 
post harvest losses could actually increase unless alternative methods are 
shown to be effective against the agents of such losses.  In the work presented 
here the potential of shortwave UV is investigated as a means of reducing 
postharvest losses due to fungi and senescence.  
 
1.1 Pathogenic Fungi  
Fungal infections are considered to have been implicated in more postharvest 
losses than any other cause (Ghaouth et al., 1992). Also to be considered is the 
effect of senescence as shown in table 1.2. 
 
 
Crop Contribution of Agent 
(%) 
References 
Pests* Fungi 
Rice 5-10 15 Singleton et al., 2005 
Lucas et al., (2009) 
Cassava 12-14 11-20 Hahn et al., (1979) 
FAO 
Maize 10-30 60 Fininsa and Yeun (2001) 
Sekamatte et al., (2003) 
 
Table 1.2: Contribution of fungi and other pests to food losses 
* Pests were rodents, weevils and birds 
 
Non climacteric fruits such as strawberries, are only harvested at full maturity 
because the fruits do not ripen off the vine. The consequence is that the texture 
of the fruit is much softer than for unripe fruit as a result of the activity of cell 
wall degrading enzymes. In this state the fruits are more susceptible to 
mechanical injury during transportation and handling, this is complicated by the 
fact that the main sources of infection of fruit with phytopathogens are 
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preharvest infection of floral parts and physical contact with infected fruits 
(Jiang et al., 2001, Reddy et al., 2000).   
 
Fungi invade plant tissue in one of three ways: (a) breaching the cell walls of 
the plant, (b) entry through stem and blossom ends of fruits and (c) entry 
through damaged surfaces. Most fungi only require a few days from the 
deposition of spores on the fruit to the onset of disease and are able to remain 
quiescent until the onset of ripening (Prusky and Lichter 2008).  
 
Fungi are capable of producing millions of spores which can be transported 
from plant to plant by wind within 3-5 days (Holmes and Eckert, 1999). Wind is 
known to be a very effective dispersal mechanism for most fungi with the 
spores surviving cross-continental transfers (Brown and Hovmoller, 2002). 
 
In several species of fungi, the penetration of cell walls occurs by means of 
germ tubes which are developed in response to either a physical or chemical 
stimulus perceived by the fungi. The development of germ tubes is in response 
to production of ripening hormones by the plant (Flaishman and Kolattukudy, 
1994). Flaishman and Kolattukudy (1994) showed that exposing spores of fungi 
to ethylene caused the spores to develop appressoria (tips of hyphae) 
suggesting that the fungi are able to detect ripening in fruits using a chemical 
response.  
 
Several studies have been carried out to determine the response of plants to 
fungal invasion (Osbourn, 1996; Lamb and Dixon, 1997; Grayer and Kokubun, 
2001). This research shows that apart from the thick cuticle which provides a 
physical defence against invasion, plants also produce a large number of 
secondary metabolites which show antifungal activity. These metabolites can 
be subdivided into two groups preformed and induced. The preformed 
metabolites are produced by the plant even in the absence of fungal invasion 
some of these compounds are phenols and saponins. On the other hand, 
induced metabolites, also known as phytoalexins, on the other hand are 
produced in response to invasion. It has also been observed that an invasion of 
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plant tissue leads to a systemic build-up of resistance against further infection. 
This is known as systemic acquired resistance (Sticher et al., 1997). 
 
Many plant pathogens mimic the process of senescence during plant invasion 
by secreting polygalacturonase, which degrades the cell wall and makes the 
invasion easier (Bulantseva et al., 2005). One example of this form of attack 
can be seen in the necrotrophic fungi Botrytis cinerea. This pathogen is known 
to affect a host of plants, causing food spoilage the world over with grey mould 
(Bulantseva et al., 2005). 
 
 As the grey mould infection progresses, the level of the polygalacturonase 
activity in the fruit increases. This provides a very valuable tool for determining 
the degree of infection quantitatively (Filtenborg et al., 1996; Mohammed et al., 
2006). 
 
 Moulds are also capable of releasing low molecular weight compounds into 
fruits and vegetables which are known as mycotoxins. These are secondary 
metabolites about which have been well documented with information on over 
300 of these compounds available in scientific papers (Bunger et al., 2004). 
Table 1.3 below shows a number of these compounds and their sources and 
toxic effects when ingested.  
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Mycotoxin Major Foods Producing spp. Biological 
activity 
Aflatoxins Maize, 
groundnuts, 
figs, tree nuts 
Aspergillus flavus 
Aspergillus. parasiticus 
Hepatotoxic, 
carcinogenic 
Cyclopiazonic 
Acid 
maize, 
groundnuts 
Penicillium 
aurantiogriseum 
Aspergillus flavus 
Convulsions 
Ochratoxin A Grape Juices 
and Wines 
Aspergillus. 
carbonairus 
Nephrotoxic 
Patulin Apple juice Penicillium expansum Oedema, 
haemorrhage, 
possibly 
carcinogenic 
Tenuazonic 
acid 
Tomato paste Alternaria tenuis Convulsions, 
haemorrhage 
 
Table 1.3: Some common mycotoxins (Source: Delage, et al., 2003; www.who.int) 
 
Mycotoxins could pose a great risk as a result of the fact that these compounds 
have been discovered to be highly toxic to human beings and animals even in 
very low concentrations. With an estimated 25% of the world‟s food crops 
heavily contaminated with mycotoxins, the challenge facing the industry is 
indeed an enormous one (Filtenborg et al.,1996; Rychlik and Schieberle 2001).  
Some of these toxins have been known to persist even after the fruits have 
been processed. 
 
Considering the toxicity of mycotoxins, quite a number of techniques have been 
utilised to inactivate these molecules. However, mycotoxins have defied 
traditional methods such as pasteurisation due to their thermal stability as well 
as irradiation due to the fact that the contamination is not on the surface of the 
fruit but has become enteric. The mycotoxin ochratoxin A, for example is known 
to survive in coffee beans even after drying and roasting (Batista et al., 2003). 
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Also, these molecules can remain stable in fruits and vegetables in spite of the 
acidity of the environment.   
 
As a result of the importance of this problem facing the food industry worldwide, 
regulatory agencies are enforcing stringent laws regulating the levels of 
mycotoxins that are acceptable in foods making it illegal to sell food that is 
contaminated with mycotoxins (Council Regulation 315/93/EEC). Considering 
the quantity of fresh produce that could become contaminated during growth, 
harvesting, storage and handling, a method which would increase the defence 
of the fresh produce to the growth of these filamentous fungi and consequently 
reduce/prevent contamination with mycotoxins would be of great benefit. 
 
1.2 Fruit Senescence  
Following on from above, it will prove necessary to look at some of the changes 
that during fruit ripening. Senescence is the biological change that occurs with 
age in living things with the emphasis here on plants. As senescence 
progresses, a number of observable changes occur including colour change, 
softening and taste improvement due to increasing sugar content, (DellaPenna 
et al., 1990). The onset of softening is easiest to detect. Softening during 
ripening is a biochemical change resulting from the increased activity of cell 
wall degrading enzymes, chiefly, polygalacturonase. This enzyme has been 
implicated in the degradation of pectin which is a major component of cell walls. 
This is achieved via the catalysis of the α-(1, 4) glycosidic bonds between 
unesterified galacturonic acid units (shown in figure 1.1). 
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Figure 1.1: Galacturonic acid 
 
1.2.1 Climacteric Fruit 
In some fruit senescence, accompanied by observable changes in colour, 
texture and other aesthetic qualities which determine the quality of the fruit 
have been shown to be controlled by ethylene. These fruits are known as 
„climacteric fruit‟. Research has shown that climacteric fruit exhibit a peak in 
respiration and ethylene production during ripening. It is this autocatalytic 
production of ethylene that controls the ripening process, hence is referred to 
as the „ripening hormone‟ by many researchers (Lelievre et al., 1997).  
 
Results from experiments carried out by Grierson and Tucker (1983) showed 
that tomatoes in the mature green stage exhibited a lag in senescence marked 
by a delay in the synthesis of polygalacturonase when the fruits were stored in 
an environment with low levels of ethylene. On the other hand, when mature 
green tomatoes were exposed to exogenous ethylene, it stimulated the 
synthesis of polygalacturonase and initiated other ripening events confirming 
the dependence of ripening of tomatoes on ethylene which indirectly initiates 
the production of the cell wall degrading enzyme and lycopene. 
 
Mangoes are also an example of climacteric fruit which can be harvested at a 
mature (but not fully ripe stage) and allowed to ripen off the vine. In many 
species of mangoes, ripening is marked by significant changes in colour from 
green to yellow/orange as a result of the degradation of chlorophyll and the 
increased biosynthesis of carotenoids (example shown in figure 1.2) 
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(Chattopadhyay and Nandi, 1978; Vasquez-Caicedo et al., 2005; Ornelas-Paz 
et al., 2008). 
 
 
 
1.2: Structure of β-carotene, a carotenoid 
 
Another physical manifestation of the ripening of mangoes is the rapid change 
in texture of the fruits. The fruits change from hard to soft as a result of the 
increased activity of cell wall degrading enzymes which are autocatalysed by 
the fruit (Parikh et al., 1990; Yashoda et al., 2008).  
 
Additional work has shown a climacteric peak in the levels of hydrolases 
polygalacturonase, pectin methyl esterase, galactanase, arabinanase and β-
galatosidase all of which have been implicated in the depolymerisation of 
polymeric carbohydrates as ripening progressed (Prasanna et al., 2003). 
 
1.2.2 Non-climacteric Fruit 
Ripening of non-climacteric fruit on the other hand is not dependent on ethylene 
and the factors regulating this process are more complicated and less well 
understood. For example, the application of ethylene to strawberries in the 
green stage has no effect on the rate of ripening (Lelievre et al., 1997). This 
clearly implies that there are other factors governing the ripening of non-
climacteric fruits like the strawberry. 
 Given et al., (1998) agree that the senescence is accompanied by an 
accumulation of anthocyanins (example shown in figure 1.3) which are 
responsible for the red colour of the ripe fruit. 
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Figure 1.3: Structure of malvidin (one of the main anthocyanins in strawberry) 
 
However, there is no clear consensus as regards the hormones which regulate 
ripening in non-climacteric fruit. Auxins which are responsible for receptacle 
expansion during strawberry development were found to be involved in the 
ripening of non-climacteric fruits (Perez et al., 1997; Given et al., 1998). From 
these investigations, it was concluded that the decline in the concentration of 
auxin in the achenes, or seeds, of strawberries regulates the ripening of the 
fruit. They showed this by removing the achenes on one side of unripe fruits 
and this accelerated the ripening process indicated by the accumulation of 
anthocyanins. However, quite a number of other hormones such as gibberellic 
acid and abscisic acid have also been found to be involved in the ripening of 
non-climacteric fruit (Davies et al., 1997; Given et al., 1998). 
 
Unlike mangoes which show increased biosynthesis of ethylene and increased 
respiration as senescence progresses, strawberries do not. Strawberries are 
one of the most studied non-climacteric fruits and studies have shown that the 
fruits will not continue to ripen off the vine if picked at a mature (not fully ripe 
stage) hence they have to be picked when fully ripe (Perez et al., 1997; White 
2002). The major marker of stage of maturity for strawberries is colour with the 
change being from green to red. The red colour of ripe strawberries is indicative 
of the accumulation of anthocyanins in the fruit and degradation of chlorophyll 
(Given et al., 1998). 
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Strawberry texture is also a measure of ripening of the fruit as the fruit becomes 
softer as it ripens as a result of the activity of cell wall degrading enzymes 
mainly those which breakdown the pectins and celluloses, this is followed by 
the development of compounds which control the flavour and aroma of the fruit 
(Davis et al., 1997; Bermudez et al., 2002).  
 
1.2.3 Senescence in Vegetables 
The most visible indication of the onset of senescence in green vegetables is 
the loss of the green colour due to the loss of the chlorophyll in the vegetables 
(Costa et al., 2006). It has also been reported that once vegetables are 
harvested a rapid decline in the cytokinin (plant growth hormone which 
regulates cell division) sets in which controls the onset of senescence. This is 
as a result of the stress the plant is exposed to due to harvesting. This is more 
pronounced because the vegetables are harvested at an immature, fast 
growing stage (Downs et al., 1997; Lemoine et al., 2009). 
  
1.3 The Hormetic Response 
Calabrese and Blain (2009) defined hormesis as a dose–response 
phenomenon that is characterized by low-dose stimulation and high-dose 
inhibition. The production of phytoalexins by horticultural produce in response 
to invasion of phytopathogens is also observed as a result of stress from the 
environment. It is a well developed chemical response through which plants 
fight against invasion by micro-organisms as well as unfavourable conditions. 
 
The fact that the defence mechanisms of plants differ markedly from that of 
animals has been known for very many years. Plants respond to attack from 
pathogens and unfavourable environmental conditions in a multitude of ways. 
Some of these responses include accumulation of antifungal compounds, some 
of which have been known to have very beneficial effects on human health (and 
the majority of which are antioxidants), lignification of the cell wall, production of 
lytic enzymes which break down the cell wall of the invading pathogens, delay 
of senescence and ripening (Soylu et al., 2002; Charles et al., 2008 a). 
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The defence mechanism can be elicited via the influence of a number of factors 
which have been classified very broadly in literature as biotic and abiotic. The 
biotic factors are as a result of plant-microbe interactions which were 
considered earlier. The abiotic factors are the non-living elicitors which include 
Ultraviolet light, heat treatment, and exogenous treatment with chemicals, all of 
which are capable of producing stress to which the plant responds (Soylu et al., 
2002; Dixon et al., 1994; Mert-Türk, 2002).   
 
1.3.1 Abiotic Factors 
As stated earlier, it is possible for defence in plants to be elicited by physical 
treatments. This information has been recorded for a wide range of methods 
some of which are the wound response, heat treatment and use of UV 
treatment. 
Mechanical damage to plant tissue has been known to elicit a hormetic 
response, which may be localised or systemic. This is usually regulated by the 
biosynthesis of jasmonic acid (Leon et al., 2001; Schilmiller and Howe 2005). 
Strawberries in the mature green stage wounded by rubbing with sandpaper 
and then incubated and extracted for analysis using two-dimensional thin layer 
chromatography showed that the wounding gave rise to the production of 
phytoalexins which were identified as triterpenes (Hirai et al., 2000). However, 
this may not be a technique which will find use in industry as far as some fruits 
are concerned. Rubbing some fruits like strawberries is tantamount to 
destroying them and rendering them unfit for sale. This gives rise to the need to 
generate this beneficial chemical response in fresh produce non-destructively. 
 
UV is known to have a „double edged‟ effect, of both directly inactivating 
pathogenic microbes as well as eliciting a hormetic response from the fruit 
itself, with disease resistance being a typical one (Shama and Alderson 2005; 
Stevens et al., 2005; Charles et al., 2008 a, b ,c). The direct bactericidal effects 
of UV treatment at 253.7 nm on pathogens on the surface of fresh produce 
(apples, lettuce and tomatoes) have been amply demonstrated. A summary of 
some studies of UV hormesis in horticultural produce based on that given by 
Shama and Alderson (2005) is shown in table 1.4. 
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Crop 
(Variety) 
Targeted 
Pathogen 
UV Dose 
Range 
Investigated 
kJ m
-2
 
Optimal 
UV Dose 
kJ m
-2
 
Additional Details Reference 
Apple 
 
(Red 
Delicious) 
Penicillium 
expansum 
7.5 Not 
determined 
Treated fruit stored at 24 C for 14 
days.  The earliest application of UV 
treatment (96 hours) before inoculating 
with P.expansum provided the best 
defence against disease. Combining 
UV irradiation with other disease 
prevention measures, harpin, chitosan 
and yeast antagonists Candida 
saitoana and C. oleophilia offered no 
advantages.  
De Capdeville et 
al. (2002) 
Baby 
Spinach 
(Silver 
Whale) 
 
 
 
Listeria 
monocytogene
s, Salmonella 
enterica, 
Pseudomonas 
marginalis 
0-24  Inhibition of the growth of the 
pathogens after treatment of the leaf 
surface and storage. 
Escalona et  al. 
(2010) 
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Broccoli 
(Italica, 
Cicco) 
 
- 
 
4-14 
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Aimed at delaying senescence. 
Treated heads were stored at 20 C 
and were found to show a delay in 
yellowing and chlorophyll degradation. 
 
Costa et 
al.(2006) 
Broccoli 
(Italica) 
- 5-10 8 Aimed at delaying senescence. 
Treated heads were stored at 20 C 
and were found to show a delay in 
green colour loss. 
Lemoine, (2008) 
Orange 
 
(Biondo 
Comune, 
Washington 
Navel, 
Tarocco, 
Valencia 
Late) 
Not specified 0.5 – 3.0 Not 
determined 
Quality and disease resistance 
determined after storage at 7C for 4 
weeks followed by 1 week at 20 C. 
Peel quality was affected in all cultivars 
with the exception of Valencia L. 
Percentage of damaged fruit at the 
higher dosages decreased as the 
season progressed.  UV irradiation at 
0.5 kJ m-2 was effective in reducing 
decay development.  The higher dose 
of 1.5 kJ m-2 was more effective but 
only in early harvested fruit. 
D‟hallewin et al. 
(1999) 
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Concentrations of scoparone and 
scopoletin increased in all varieties 
with increasing dose. 
Oranges 
 
(Shamouti, 
Valencia) 
Penicillium 
digitatum 
0.2 - 15 9.0 After 2 weeks of storage at 17 C UV-
treated fruit showed signs of damage, 
however at lower temperatures UV 
damage was practically absent even at 
the highest dose used. Scoparone 
levels increased following irradiation at 
all UV exposures. 
Rodov et al. 
(1992) 
Peach 
 
(Elberta) 
Monilinia 
fructicola 
0.84 - 40 7.5 Exposure to UV delayed ripening, 
suppressed ethylene production and 
increased phenylalanine ammonia-
lyase activity.   Doses of 40 kJ m-2 
increased susceptibility to brown rot. 
Irradiation resulted in increased 
numbers of the antagonist yeast 
Debaryomyces hansenii on the surface 
of the fruit.   
Stevens et al. 
(1998) 
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Crop (Variety) Targeted 
Pathogen 
UV Dose 
Range 
Investigate
d 
kJ m
-2
 
Optimal 
UV Dose 
kJ m
-2
 
Additional Details Reference 
Orange 
 
(Biondo 
Comune, 
Washington 
Navel, Tarocco, 
Valencia Late) 
 
 
 
 
 
 
 
 
Not 
specified 
0.5 – 3.0 Not 
determined 
Quality and disease resistance determined 
after storage at 7C for 4 weeks followed 
by 1 week at 20 C. Peel quality was 
affected in all cultivars with the exception 
of Valencia L. Percentage of damaged fruit 
at the higher dosages decreased as the 
season progressed.  UV irradiation at 0.5 
kJ m-2 was effective in reducing decay 
development.  The higher dose of 1.5 kJ m-
2 was more effective but only in early 
harvested fruit. Concentrations of 
scoparone and scopoletin increased in all 
varieties with increasing dose. 
D‟hallewin et al. 
(1999) 
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Raspberries 
and 
Strawberries 
 
 
 
E. coli, 
Salmonella, 
spp. 
 
 
 
25-72J/cm2 
(pulsed UV) 
 
 
 
- 
 
 
 
The decontamination of small fruits using 
pulsed UV light was investigated. A 
reduction of E. coli and Salmonella spp. of 
2-3.9 log was recorded. 
 
 
 
Bailka and 
Demirci, (2008) 
Crop (Variety) Targeted 
Pathogen 
UV Dose 
Range 
Investigated 
kJ m-2 
Optimal 
UV Dose 
kJ m-2 
Additional Details Reference 
Red Oak Leaf - 1.18-7.11 - Two sided treatment of leaves to extend 
shelf life of the vegetable. UV was 
observed to give rise to an extension in 
shelf life as compared with untreated 
control. 
Allende, et al., 
(2006 b) 
 
Table 1.4: Summary of UV hormesis studies after Shama and Alderson, (2005) 
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From the data contained in table 1.4, a wide range of produce has been shown to 
give a beneficial response when treated with UV. This means that UV hormesis has 
the potential to be used to treat a large number of produce. However standard 
methods for estimating the doses for the various produce remains to be established.  
 
Also, some studies have been carried out where the elicited agent has been 
determined. A summary is shown in table 1.5 below. 
 
Produce Phytoalexin Structure Reference 
Citrus Scoparone 
 
Kim et al., (1991) 
Tomatoes Rishitin 
 
Charles et al., (2008 
a) 
Grapes Resveratrol 
 
Adrian et al., (2000) 
Pepper Capsidiol 
 
Araceli et al., (2007) 
 
Table 1.5: Summary of UV hormesis studies where the elicited agent has been identified 
 
Many studies have been carried out into the effect of UV hormesis in grapes. 
Production of the phytoalexin resveratrol is induced by UV treatment (Cantos et al., 
2001, Cantos et al., 2003). Apart from having antifungal activity resveratrol is also a 
very effective antioxidant as are many of the other phytoalexins which are elicited 
during UV hormesis.  
 
This means that apart from improving the defence of treated produce against 
invasion UV hormesis also improves the nutritional quality of the produce with these 
studies showing increased production of resveratrol in grapes for producing wines 
with high resveratrol content, with some showing a 2-fold increase (Cantos et al., 
2001; Cantos et al., 2003). 
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Apart from the beneficial response of UV hormesis of phytoalexin production, studies 
have also shown that the UV treatment could also give rise to a lag in the 
development of senescence and its effects. This has been shown for a large number 
of fresh produce including broccoli, tomatoes tangerines, peaches and apples (Costa 
et al., 2006; Charles et al., 2008 a; Stevens et al; 2005).  
 
These beneficial hormetic effects can be reversed upon exposure of the treated 
produce to white light. This phenomenon is known as photo-reversibility. Stevens et 
al., (1998) observed that a hormetic effect was induced in peaches treated with a UV 
dose of 7.5 kJ/m2. The beneficial response observed was resistance against brown 
rot caused by Monilinia fructicola. However, this resistance was lost when the treated 
fruit were exposed to visible light soon after treatment. 
 
In spite of the numerous well established benefits of UV hormesis, this method still 
has not found widespread use in the commercial treatment of fruits and vegetables. 
It is believed that this is not unconnected to the fact that data on an industrial scale is 
lacking hence producers do not have the precedents to refer to apart from the 
laboratory studies so far carried out (Stevens et al., 2005; Shama 2007).  
 
Shama (2007) pointed out that there still remains a gap between the knowledge 
currently available and a full industrial application of UV hormesis in the production 
of fruits and vegetables in spite of the abundance of evidence to the viability of the 
method as a readily available substitute to some of the chemical techniques currently 
being utilised for treating plant produce on a commercial scale. Some of reasons 
cited as being responsible for this are discussed by Shama (2007).  
 
In the laboratory studies carried out it was difficult to harmonise the doses utilised by 
the various researchers. In addition, the timing of treatment is considered to be 
crucial. Most studies agree that the closer the treatment is to harvest the better the 
hormetic effect as the effects of senescence has not reached an advanced stage.  
 
Also, treatment equipment and techniques to carry out such studies on a large scale 
are not currently available. While laboratory studies were successfully done by 
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manually rotation fruits by hand, this would not be an efficient way of treating 
produce on an industrial scale. 
 
These are some of the questions that will be considered in the course of this 
research. It is expected that some of these problems would be addressed to take a 
step closer to the industrial application of UV hormesis. However, a closer look will 
be given to ultraviolet radiation and how it affects living tissue. 
 
1.4 UV Radiation 
As mentioned earlier, UV radiation can elicit a hormetic response in plant produce. 
This type of radiation is non-ionising and cannot penetrate beyond the surface layers 
of the treated surface (Shama and Alderson, 2005).   
 
The UV region of the electromagnetic spectrum ranges from 100 nm to 400 nm, lying 
between the visible and X-ray regions. UV radiation is further sub-divided into three 
regions for ease of reference. These are UV-A (315 to 400), UV-B (280 to 315) and 
UV-C 100 to 280) as shown in figure 1.4 below: 
 
 
 
 
UV-C in the region of 254 nm, which is the principal emission of low pressure Hg 
sources, effectively inactivates micro-organisms and this region is called „germicidal 
UV‟, (Levetin et al., 2001). That is done so efficiently because UV-C is strongly 
absorbed by DNA, RNA, proteins and unsaturated fatty acids within the cell. 
However, because there is a larger amount of RNA, proteins and unsaturated fatty 
acids within the cell compared to DNA, the effect of the radiation on DNA is far more 
pronounced, (Charles 1998; Sinha and Donat 2002; Shama 2007).  
 
100 nm 400 nm 
280 nm 315 nm 
UV-C UV-B UV-A 
Figure 1.4: UV sub-regions 
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However, because of the lack of penetrative power of the UV-radiation, it is generally 
thought that it can only be used to disinfect surfaces that do not have uneven surface 
topography. This is true for rough surfaces such as that of cantaloupe which has a 
raised netting which could provide shielding from the UV light and attachment sites 
for the target organisms during treatment (Ukuku, 2004).   
 
There are still however a couple of issues facing the use of this technique on a 
commercial scale, the most pressing of which borders on the concern of dose, 
Shama, (2007). As has already been commented on, Shama and Alderson (2005) 
reviewed the hormetic dose for a wide range of plant products (shown in table 1.4), 
with the dose utilised depending on the produce considered. The need for ensuring 
that the dose is carefully delivered is important because too high a dose could result 
in browning, skin damage and tissue necrosis (Gonzalez et al., 2001, Shama, 2007). 
This will naturally affect the saleability of the produce as consumers decide which 
food to buy strictly based on aesthetic considerations like colour, texture and smell. It 
is therefore imperative that these qualities are not affected by the treatment. 
Therefore, it is the minimum exposure that gives the desired effect without affecting 
quality that a process should aim to deliver (Charles et al., 2005). 
 
 Shama (2007) pointed out that the results from most researchers showed that the 
response elicited could either be systemic or localised depending on the produce 
considered. Mercier et al., (2000) reported that UV treatment of carrot gave rise to a 
localised accumulation of 6-methoxymellein, which was only observable in the area 
of the carrot exposed to the UV treatment. On the other hand, Stevens et al., (2005) 
recorded that a UV dose to the stem end of some produce gave rise to a systemic 
hormetic response in the whole fruit. This was also the position of Dann et al., 
(2007), where UV treatment was given only to an exposed part of mango fruit. They 
revealed that the effect of the two main protection enzymes chitinase and β-1, 3-
glucanase was increased all over the fruit upon challenge by UV treatment showing 
that the hormetic effect was systemic.  
 
The non-systemic response may be due to the absence of a vascular system in 
some of the produce treated. Wound response in tomato was found to elicit a 
localised as well as systemic accumulation of phytoalexins, with the signal elicited at 
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the site of wounding travelling through the vascular system to generate a systemic 
response (Li et al., 2001). The vascular system in mango fruits can be seen in figure 
1.5. Most investigators seem to believe that there must be a uniform treatment of the 
entire surface of the produce. 
 
 
 
Figure 1.5: Dye-stained mango (Bordini et al., 2007) 
 
This is shown by the effort put into manually rotating the fruit to make sure that all 
the sides of the fruit receive the same dose, Shama (2007). Also  Allende, et al 
(2006 b) report that two-sided treatment of red oak leaf lettuce with a hormetic UV 
dose was more effective in reducing microflora and shelf-life extension than treating 
only one side of the leaf.  
 
Stevens et al., (2005) investigated the possibility of inducing a hormetic response 
against phytopathogens in apples, peaches and tangerines. The treatment was 
carried out in different orientations (treatment from the stem end, treatment from one 
side, as well as treatment on two and four sides). The fruit were exposed to UV 
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treatment at the following doses 7.5, 7.5 and 1.3 kJ/cm2 respectively. The hormetic 
effect was observed to be more pronounced for fruits treated at the stem end. This 
also supports the view that UV hormesis is not systemic.  
 
It is this attempt to ensure a consistent UV dose of produce that brings about the 
next issue needing attention. This manual rotating of produce to guarantee uniformity 
in dose given to each „side‟ drew the criticism of some researchers who believe that 
due to the fact that these produce are not regular objects with well defined sides, the 
treatment even with rotation would not be very controllable, raising concerns about 
the feasibility of delivering a consistent UV dose to solid surfaces (Gardner and 
Shama 1999; Shama, 2007). Shama (2007) went on to add that the issue of 
accurate dose delivery was one important consideration for the large scale treatment 
of plant produce and also stated that considering the effect the nature of a surface 
could have on the UV dose, the researchers who ignored this were leaving out a 
very important consideration.  
 
Since it is very important to get the dose being administered to produce right, there is 
one other issue that is noteworthy. The administered UV dose is calculated as the 
product of the intensity of the UV radiation and the exposure time. Most researchers 
appear to measure intensity at only one point – typically that nearest the UV source. 
Whereas, naturally there will be a distribution of UV intensity over the surface of any 
3 dimensional object in a UV field.  
 
Another important consideration is the Bunsen-Roscoe reciprocity law. This law 
states that the dose administered from a radiation source is dependent on its fluence 
(product of intensity and exposure time) and not the fluence rate. In other words, it 
claims that the effect of having a high intensity and a short time is equivalent to that 
of having a low intensity over a prolonged period as long as their product (Intensity X 
Time) is equal. For biological systems, there is another factor taken into 
consideration which is the photobiological response. Much effort has been put into 
determining the reliability of the reciprocity rule as regards irradiation treatment in 
hospitals as well as decontamination of water and air (Sommer et al., 1996). 
Sommer, (1996) pointed out that the reciprocity rule is not always obeyed when 
biological systems are concerned. It was reported that the results of high and low 
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intensity treatments were equivalent for the treatment of bacteria and gave the 
reason for this agreement with the reciprocity rule as being the fact that bacteria 
existed in an inactive state whose response to irradiation is not different from that of 
inanimate surfaces. Similarly Vehniainen et al., (2007) exposed newly hatched 
larvae of northern pike to different intensities of UV radiation and concluded that 
when the intensity employed was very low and the exposure time long, DNA repair 
could take place during irradiation and hence the Bunsen-Roscoe was bound to fail.  
 
There has however, been no work done in determining the effect of intensity and 
exposure time on the UV hormetic effect as far as this review is concerned. What 
happens to plant produce when these parameters are varied therefore cannot be 
categorically stated. 
 
An important consideration when choosing a technique for food treatment is the 
desire for the organoleptic properties of the produce to remain unchanged after the 
treatment has been carried out as it is on this basis that consumers decide which 
produce to buy. This is also true for the use of UV in the treatment of fresh fruits and 
vegetables (Charles et al., 2005).  These workers carried out quality and sensory 
evaluation of UV-treated tomato and concluded that the treated fruit had a better 
texture than the controls but rated appearance and colour of the treated fruit poorer 
than the controls.  Also, Hemmaty et al., (2007) carried out similar tests for UV 
treated apples and concluded that the UV treated apples were firmer and also 
exhibited delayed ripening. 
 
Another outcome of treating plant produce with UV is the fact that the beneficial 
effects of the hormetic response is much more pronounced when the treatment is 
done as close to harvest as possible. Research has shown that there is a marked 
decline in the accumulation of phytoalexins in UV treated plant produce with 
maturation to sub toxic levels, with the reduction being more pronounced in disease 
susceptible produce (Sarig et al., 1997). Reinforcing this finding, Prusky and Keen 
(1993) reported that the level of phytoalexins in harvested avocado fruit dropped 
drastically to sub fungicidal levels in just one to two days after harvest and increased 
back to fungi toxic level after a few days. This was attributed to the fruit stress due to 
harvesting. 
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It was however noted that this recovery was completely dependent on the maturity of 
the produce, with the recovery period for freshly harvested produce being much 
shorter than that of more mature produce. Charles et al., (2008 a) recorded that the 
ability of UV treated fruit to resist disease was dependent on the age of the tissue. 
With fruit treated 0-3 days after harvest showing increase in phytoalexins 
accumulation up to 15 days after treatment before declining. While fruit treated 12-20 
days after harvest showed increased accumulation for only 5 days before a decline.  
 
1.5 Methods of Measuring UV Dose 
As stated earlier, determining the dose delivered to treated produce is of uttermost 
importance. Hence the need to have an accurate technique of determining UV dose 
being utilised in an operation. A number of commonly used methods will be 
discussed. 
 
1.5.1 Chemical Actinometry 
Chemical Actinometry is based on the interaction between absorbed UV energy and 
the concentration of products of photochemical reactions formed (Pitts et al., 1955; 
Shama, 2007). Pitts et al., (1955) made use of a uranyl oxalate actinometer in which 
an oxidising agent was added to an irradiated oxalate solution and an un-irradiated 
blank. The difference between the two solutions was determined using spectroscopic 
measurements. This difference is equivalent to the amount of decomposed oxalate.  
However, this technique is not suitable for applications in determining dose delivered 
to fresh produce because it would not be practical to apply to the treatment of solid 
objects.  
 
1.5.2 Radiometry 
Most of the studies in UV hormesis reviewed in this research made use of radiometry 
to determine the UV dose delivered to treated produce. Most modern radiometers 
are digital equipment which have a selective sensor for measuring UV intensity at 
selected wavelengths. However for the values obtained to be accurate, the sensor 
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must be placed in a precise location each time measurements are made as 
seemingly small errors in measurement can affect estimations made (Shama, 2007). 
 
1.5.3 Biodosimetry 
The problem of accurately determining UV dose on a surface is one that has been 
researched in detail by environmental scientists. This entails designing a reliable 
method of determining the bio-effectiveness of UV reaching the surface of the earth 
from the sun (Cockell et al., 2002; Rettberg and Cockell 2004; Kovacs et al., 2007).  
Considering that the changes to the stratospheric ozone concentration have been 
drastic, this is a very important considering the global environmental changes. 
The technique commonly employed involves fixing bacterial spores on a surface and 
using the spores as a biological indicator of UV intensity based on DNA damage as 
the damage to DNA will prevent the bacterial spores from growing and reproducing. 
Based on this, the response to the UV exposure could be obtained from the ratio of 
spore count after UV exposure (N1) to spore count before UV exposure (No) (Tyrrell, 
1978; Berces et al., 1999; Rettberg and Cockell, 2004).  
 
1.6 Objectives and Description of Work Done 
Though UV hormesis is a phenomenon that has been studied by many researchers 
however there is still much work left to be done. There are still a host of salient 
issues which remain unanswered as regards the large scale implementation of this 
technique. Some of these are considered during the course of this research. 
 
Paramount on the mind of most growers is the issue of repeatability and control of 
dose delivery. The question here is what dose should be given to the produce in the 
research laboratories and whether this could be translated to use on the field and 
what the mode of delivery will be. Most researchers seem to agree that the UV 
hormetic effect is not systemic hence the very common step of manually rotating the 
produce during the treatment. However, this method of treatment is not amenable to 
a commercial scale up. 
 
. 
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In this research, a postharvest treatment will be carried out on tomatoes, mangoes, 
and broccoli to confirm the previously reported hormetic effects for these produce. 
However, in order to obtain results which could be scaled up for industrial use, the 
fruits would not be manually rotated by hand but on mechanical rollers within a UV 
treatment cabinet designed for this work. A similar technique has been used by 
Brandt and Klebaum (2000), who used an inclined rolling conveyor within a UV field 
to treat spherical produce. 
 
 A mathematical model will be developed during the course of this work to better 
predict the dose that the fruit/produce receives all around. This would be done using 
biodosimetry with Bacillus subtilis spores. The dose delivered will be calculated by 
integration over the total surface area of the produce treated to give a more accurate 
and repeatable dose calculation. 
 
Tests will also be carried out to determine if short exposure at high intensities and 
long exposure at low intensities (giving the same dose) would elicit the same UV 
hormetic response. This will be done by comparing the effect of treatment using a 
conventional UV source with that of a pulsed UV source noting the effect of both 
methods on physicochemical changes within the treated produce. 
This will give an idea of the applicability of UV hormesis in fresh produce on an 
industrial scale as a significant treatment time (even though giving rise to beneficial 
effects) will not gain applicability and acceptability in industry as this will affect the 
work schedules already in place on the commercial growing facilities by adding 
significantly to the already tight processing times involved in handling the fresh 
produce. 
 
 
Another pressing issue is the timing of the UV treatment. Some previous work has 
shown that best results are obtained if the treatment is done as soon after harvest as 
possible. This is due to the fact that the concentration of antifungal compounds in the 
fruits reduces with maturity. The question arising therefore is whether or not there 
will be a significant difference if the UV treatment is done before harvesting. For 
fruits like strawberries which suffer mechanical damage easily, there are very few 
methods of treating without causing abrasions. Also, in commercial producing 
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environments where packing lines are in place, it might be more efficient to carry out 
a preharvest treatment.  
 
Therefore, a preharvest UV treatment of produce will be carried out and the results 
compared with postharvest treatment based on major quality parameters which 
determine the market price of the fruits as well as affect their aesthetics value. Also, 
the effect of fruit shielding from the UV light by other fruit as well as foliage would be 
determined. This would be important as it would give detailed information about the 
biochemical processes which take place in the plant during UV treatment as a form 
of stress whether or not the response is a localised or systemic one. 
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Chapter 2  
2.0 Materials and Methods 
The materials and methods used in this study are described in this chapter. All 
materials are of analytical grade unless otherwise stated. All the microbial growth 
media were from Oxoid, Ltd, Basingstoke, Hampshire, England). 
 
2.1 Analytical Methods 
2.1.1 Measurement of Ascorbic Acid Content 
The ascorbic acid content of the material was measured using a commercially 
available Ascorbic Acid Kit (Chan et al., 1994) from Boehringer Manheim/R-
Biopharm (Catalogue Number 10 409 677 035), (Landwehrstraβe 54, 64293 
Darmstadt, Germany). The fruit (5 g) was put in a beaker and homogenised using a 
Polytron PT2100 homogeniser, (Kinematica AG, Luzernerstrasse 147a, CH-6014 
Littau-Lucerbe, Switzerland) and extracted in 50 mL of acetate 300 mM buffer (pH 
3). Afterwards, it was centrifuged using an MSE Centaur 2 (Crawley, Sussex, UK) at 
3000 rpm for 5 minutes and afterwards, stored on ice.  
 
Values for initial and finial Optical density respectively at 578nm (A1 and A2 
respectively) were obtained for samples and blank by measuring with a UV-Visible 
spectrophotometer (Pharmacia LKB Ultraspec III Broma, Sweden). The difference in 
absorbance (ΔA) is then determined using the relationship below 
 
Δ                  –                                                  (1) 
 
 
The concentration (C) of ascorbic acid in a sample is given by 
 
   
    
          
 Δ                            (2) 
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Where, 
V = final volume (mL) 
v = sample volume (mL) 
MW = molecular weight of substance to be assayed (g/mol) 
d = light path (cm) 
  = extinction coefficient for MTT-formazan at 578 nm [16.9 L/(mmol/cm)] 
 
2.1.2 Measurement of Ferric Reducing Antioxidant Power (FRAP) 
This assay is a measure the antioxidant activity of fruit being examined. It involves 
the reduction of a ferric-triazine complex (red) to the ferrous form (blue) and 
measuring the change in colour spectrophotometrically (Leong and Shui 2002; Guo 
et al., 2003).  
 
The FRAP reagent was prepared by mixing 25 mL of Acetate Buffer (300mM), 2.5 
mL of 2,4,6-Tripyridyl-s-triazine (10 mM) and 2.5 mL of Iron III hexahydrate (20 mM). 
Also, 1mM of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) was 
prepared by dissolving 5 mg of Trolox in 20 mL of ethanol for a calibration curve. The 
Trolox was then mixed with ethanol in the volumes shown in figure 2.1 below for use 
in the calibration curve. 
 
 
 
Figure 2.1: FRAP calibration curve 
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The material (5 g) was homogenised in a beaker using a Polytron PT2100 
homogeniser, (Kinematica AG, Luzernerstrasse 147a, CH-6014 Littau-Lucerbe, 
Switzerland) and extracted in 50 mL of phosphoric acid 15% (W/V) (with pH adjusted 
to 3.5) and centrifuged (MSE Centaur 2 Crawley, Sussex, UK) at 3000 rpm for 5 
minutes and afterwards stored on ice.  
 
The FRAP reagent (100 µL) was added into wells on a microplate with an additional 
10 µL of the reagent for the control (in duplicates for each data point), followed by 10 
µL of the sample or standard. A plate reader (Bio-Rad Inc. Model 680 XR Hercules, 
CA, USA) was then used to record the absorbance of all the solutions at 630 nm.  
 
2.1.3 Measurement of Total Soluble Phenolic Acids 
Gallic acid (standard for determining the phenol content in an analyte) was used to 
prepare a standard curve. Gallic acid (10 mg) was dissolved in 2mL of ethanol and 
made up to 10 mL with distilled water to give a final concentration of 1000 µg/mL. 
Gallic acid was then mixed with distilled water in the concentrations shown in figure 
2.2 below. 
 
The fruit (5 g) was then homogenised in a beaker using a Polytron PT2100 
homogeniser, (Kinematica AG, Luzernerstrasse 147a, CH-6014 Littau-Lucerbe, 
Switzerland)and extracted in 50 mL of methanol and centrifuged (MSE Centaur 2 
Crawley, Sussex, UK) at 3000 rpm for 5 minutes and afterwards stored on ice. 
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Figure 2.2: Phenolics calibration curve 
 
The sample or standard (0.1 mL) was then placed in a test tube (0.1 mL of water 
was used for the blank). To each test tube, 6 mL of water was thereafter added, 
followed by 0.5 mL of undiluted Folin-Ciocalteu reagent (Sigma Aldrich). After 1 
minute, 1.5 mL of saturated sodium carbonate was the added. To the above 
mixtures in each test tube, 1.9 mL of distilled water was then added to give a final 
volume of 10 mL.  
Each test tube was then vortex mixed for 30 seconds to give a homogenous mixture. 
The test tubes were then incubated at 40 °C for two hours and the absorbance read 
at 765 nm with a spectrophotometer (Pharmacia LKB Ultraspec III Broma, Sweden) 
(Biglari et al., 2008). The resulting calibration curve is shown in figure 2.2. 
 
2.1.4 Colour Measurement 
Fruit colour was measured on using a Minolta Chroma meter (CR-200, 7-9 Tanners 
Drive, Blakelands North Milton Keynes, UK) set in the „L*a*b*‟ mode (see below) 
after the instrument had been calibrated for use to a standard white calibration plate 
(CR-A47). The colour meter is shown in figure 2.3. 
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Figure 2.3: Surface colour meter 
 
The summary of the colour scale is shown in table 2.1 below. 
 
L* a* b* 
White = 100 Negative = Green Negative = Blue 
Black = 0 Positive = Red Positive = Yellow 
 
Table 2.1: Hunter colour scale 
 
The instrument measures colour based on the Hunter colour scale (Garcia et al., 
2001) which has an L*, a* and b* axis. For tomatoes, triplicate readings were 
randomly taken from each fruit and imputed into the formula for Tomato Colour Index 
(TCI) shown in equation 3 below. 
 
      
      
          
                                                                                                         (3) 
 
For mangoes, strawberries and broccoli, the colour was measured randomly at 5, 3 
and 8 points respectively. After which the colour was determined using the formula 
utilised by Tijskens et al., (2001), where the colour (c) was given by the relationship 
shown in equation 4. 
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                                      (4) 
 
2.1.5 Texture Measurement 
Texture measurements were performed using a Digital Texture Analyser (TA.XT 
Plus, Stable Micro Systems LTD, Haslemere, Surrey, UK). Set in either compression 
or bio-yield mode (depending on the produce). The maximum force in g required to 
compress the fruit by 4mm was recorded and monitored. The texture analyser is 
shown in figure 2.4. 
 
 
 
Figure 2.4: Texture analyser 
 
The texture was then measured at random points on the fruits (4 per tomato and 10 
for mango). For the tomatoes, two equatorial and two polar measurements were 
made as the fruits were bilocular.  
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2.1.6 Statistical Analysis 
The experiments in this work were carried out in a randomised block design and the 
data subjected to Analysis of Variance (ANOVA) as required using a commercially 
available software (SIGMAPLOT). Full analysis is included in appendices 2 to 6. 
 
2.2 Microbiological Methods 
2.2.1 Microorganisms 
The fungi used in this study were Penicillium digitatum (CBS 101026), Colletotrichum 
gloeosporioides (CBS 862.70) (Centraalbureau voor Schimmelcultures,  
Uppsalalaan 8, 3584 CT Utrecht, Netherlands, Netherlands), Botrytis cinerea (CABI 
1972, Wallingford Oxfordshire, OX10 8DE, UK) and Botrytis spp. (CB1), Botrytis spp. 
(CB2), Botrytis spp. (CB3), and Colletotrichum spp. (CB4) kindly donated by Dr 
Matthew Dickinson of the School of Biosciences, University of Nottingham, UK. 
While these organisms are known pathogens for some produce, they are utilised in 
this study as bio-indicators to show the most pronounced resistance induced by the 
UV treatment delivered to the produce. 
 
The bacterium used in the study was Bacillus subtilis (NCIMB 8054, NCIMB LTD, 
Aberdeen). Spores of B. subtilis were utilised for the biodosimetry experiments 
because of their relative ease of handling as well as the fact that they have been 
used in previous UV disinfection studies. 
 
2.2.2 Production of Fungal Spores 
Penicillium digitatum (CBS 101026) was cultured on potato dextrose agar (CM0139) 
and incubated at 20°C for 4 days. The spores were then harvested using Ringers‟ 
reagent and stored at 4°C until needed.  Spore stocks of Colletotrichum 
gloeosporioides (CBS 862.70), Botrytis cinerea (CABI 1972), Botrytis spp. (CB1),  
Botrytis spp. (CB2), Botrytis spp. (CB3), and Colletotrichum spp.(CB4) were also 
prepared as per the method described above for Penicillium digitatum and stored at 
4°C until needed. 
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2.2.3 Inoculation of Fruit with Fungal Spores 
Produce to be inoculated were bored with a cork borer #3 (0.5 mm) and 10 µL of 
inoculum pipetted into the cavity and the plug replaced as shown in Figure 2.5. The 
fruit were then incubated at 20°C and monitored. The diameters of the fungal lesions 
were measured from images taken using a computer software On-Screen Callipers, 
which was obtained from: http://www.iconico.com/caliper/. 
 
 
 
Figure 2.5: Schematic of fruit inoculation 
 
2.2.4 Production of Bacterial Spores 
Spores of Bacillus subtilis (NCIMB 8054) were produced according to the method 
described by Gardner and Shama (1999). An Erlenmeyer flask containing 100 mL 
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Nutrient Broth was inoculated with of B. subtilis (ATCC 6633) from one B. subtilis -
bound porous bead (MicroBank, Product Code PL 172, Pro Lab Diagnostics, 7 
Westwood Court, Neston, South Wirral, UK) and incubated at 30 °C for 24 h in an 
incubation shaking cabinet (CERTOMAT BS-1, Sartorius Stedim Biotech, GmbH 
Weender Landstraβe 94-108, 37075 Gottingen, Germany) at 200 rpm. 
 
The B. subtilis culture (1.0 mL) was then used to inoculate sporulation agar plates 
(Harnulv and Snygg 1972), after which the plates were incubated at 30 °C for 5 days. 
The spores were than harvested by putting 10 mL of sterile distilled water on the 
surface of the plates and dislodging the spores with a sterile loop.  The spore 
suspension was then washed thrice at 8000 rpm for 20 minutes with sterile distilled 
water and thereafter transferred to sterile universal bottles. A water bath containing 
the bottles was then allowed to heat from room temperature to 70 °C and held for 30 
minutes. The concentration of the spore suspension obtained was  3.2 X 108 
CFU/mL and the bottles were then stored at 4°C until required. 
 
2.2.5 Preparation of Dose Response Curve (Bacillus subtilis) 
Spore suspension (1 mL) was filtered through a 13 mm dia. Durapore® membrane 
with a retention of 0.22 μm (Millipore (UK) Ltd., Watford, Herts) and then dried for 5 
minutes in a laminar flow hood. This procedure was highly consistent and resulted in 
a deposition of 3.0 to 3.2 x 106 spores per membrane. After treatment, spores were 
recovered by placing the membrane in tubes containing 1 mL Ringer‟s Solution and 
5 glass ballotini beads (4 mm) and agitated using a vibratory mixer for 5 minutes and 
the spore suspensions thus obtained were serially diluted as necessary. Aliquots 
(100 μL) were then plated onto the surface of Tryptone Soya Agar (CMO131). The 
plates were then incubated at 30°C overnight and then counted. All experiments 
were conducted in duplicate. Plots were then made of log of reduction (log N/No) 
against log of delivered dose to give the Dose-Response Calibration Curve for B. 
subtilis. 
2.2.6 Preparation and Irradiation of Polystyrene Spheres 
Polystyrene spheres (dia. 70 mm; Fred Aldous Ltd., Manchester) were used as 
substitutes for spherical horticultural produce. Shallow indentations (0.5 mm deep) 
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were made in the surface of the spheres using a stainless steel rod of 15 mm 
diameter This enabled the membranes prepared as described above to be securely 
attached to the surface of the spheres as shown in figure 2.6. 
 
 
 
Figure 2.6: Polystyrene sphere fitted with PFA film 
 
The membranes were further secured in place by 50 µm thick discs of UV 
transparent perfluoroalkoxy (PFA) film (Polyflon Technology Ltd., Stone, Staffs) held 
in place by narrow strips of double-sided adhesive tape. Imagining the „north pole‟ of 
a sphere to represent 0°, membranes were placed at 0, 45, 90 135 and 180°. The 
UV intensity measured at 0° was 3.1 mW /cm2. 
 
For static treatment the spheres were irradiated using these different methods: a) 
irradiation for 80 seconds b) irradiation for 40 sec. after which the sphere was rotated 
through 180° before receiving a further irradiation of 40 sec. c) irradiation for 20 
seconds followed by three rotations of 90° at which irradiation was for 20 seconds at 
each rotation. 
For treatment under rotation spheres were treated either singly for 80 or 160 
seconds at the same intensity. In a further series of experiments spheres were 
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treated as above but with one sphere either side not containing spore-laden 
membranes in order to investigate the effect of shielding by neighbouring spheres, 
as shown in figure 2.7 below. 
 
 
 
Figure 2.7: Arrangement to determine shielding effect of spheres within UV field 
(a) Spore-laden sphere  (b) Blank Spheres (c) Rollers 
 
The apparatus used for irradiating polystyrene spheres with UV is shown in figure 
2.8. The UV source used was a low pressure mercury burner (GX018TSL, Voltarc 
Tubes Incorporated, Fairfield, CT., USA) having principal emission at 253.7 nm and 
rated at 42 W. 
 
 
 
Figure 2.8: Schematic of arrangement for treating polystyrene balls 
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This source was located within a parabolic reflector fabricated from anodised 
aluminium.  Immediately below the source was a roller assembly driven by a variable 
speed electric motor (not shown). 
 
The entire source-reflector assembly could be raised or lowered above the rollers to 
change the UV intensity. For static treatment of polystyrene spheres, the spheres 
were placed between the cylindrical rollers. For irradiation of membranes 
impregnated with spores (see figure 2.8), the roller assembly was removed and the 
membranes were treated on a stainless steel plate placed centrally below the 
source. The intensity at the membrane surface was measured using a radiometer 
(Model UVX, UV Products Ltd., Cambridge, Cambs.). 
 
2.2.7 Determination of Total Dose Delivered to a Sphere 
In the work conducted here the dose was determined was using spore dosimetry at 
points 1-5 as shown in figure 2.9 (note- distance between points is measured along 
the circumference of the sphere). D(y) was obtained by fitting a polynomial function 
to the experimental points If a segment on a sphere within a UV field as shown in 
figure 2.9 below has an area dA then the energy falling on the surface of the 
segment is given by: 
 
 
Figure 2.9: Determination of total dose delivered to a sphere 
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                      (5) 
 
= D(y) 2π x(y)  
 
 
 
 
 
 
 
 
 
 
    π         
 
  
              (6) 
 
Also, if discrete values of Di are assigned to each yi, the total energy (E) could also 
be calculated using equation 7 below. 
 
 (yi+1-yi)                             (7) 
 
Where N = number of measurements 
Modelling of the calculated local dose values (Di) on each segment of the sphere 
considered was then done in MATLAB to show a 3D distribution of the UV dose on 
the surface of a sphere. 
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2.2.8 Theoretical Determination of Total Dose Delivered to a Sphere 
Theoretical values for dose delivered to the sphere within the UV field were also 
determined for comparison with the experimental results.  The method used for this 
is described below. The inverse square law states that the intensity at a surface is 
inversely proportional to the square of the separation between the light source and 
the surface. Therefore, the intensity reaching two flat surfaces within the UV field of a 
lamp as shown is expressed in equation 8. 
 
  
  
 
  
 
  
                              (8) 
 
Where, 
I1 = Intensity on a surface at one surface at distance d1 from the light source 
I2 = Intensity on a second surface at distance d2 from the light source 
 
For a sphere however, point 2 (see figure 2.9 a) is not only at a distance (d2) from 
the light source, but also inclined at an angle θ from point 1 (which is perpendicular 
to the light source). 
 
Hence the inverse square law will be used with Lambert‟s cosine law which states 
that the intensity (I2) of any point on a surface (2) which is not perpendicular to the 
source of irradiation is given by product of the cosine of the angle between that point 
and the point perpendicular to the illumination (1) and the intensity at this point (I1). 
This relationship is shown in equation 9 below 
 
            θ                                  (9) 
 
Combining equations 8 and 9 gives the relationship for calculating the intensity (I2) at 
point (2)  based on the intensity (I1) at point (1)  on the sphere as shown in equation 
10. 
 
        
   
   
     θ                                    (10) 
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The procedures for determining the dose for other geometries are located in 
Appendix 1 
 
2.3 UV Equipment 
2.3.1 Postharvest Treatment Equipment (conventional treatment) 
A UV treatment cabinet was fabricated for the simultaneous treatment of multiple 
produce at a time and is shown in figures 2.10 and 2.11. The treatment of the fruit 
was performed on two identical rollers which were coated with a reflective sheet of 
aluminium.  
The distance between the rollers could be adjusted to accommodate produce of 
varying sizes at a speed of 10 rpm. A low pressure amalgam lamp (1000 mm long, 
19 mm diameter) emitting principally at 254nm was fitted above the rollers (GPHHA 
1000 T6L/4P, LightTech Lamp Technology Ltd., Dunakeszi, Hungary).  
The height of the lamp from the rollers was variable (so the intensity could be 
adjusted). For all the experiments described here, the intensity was set at 
1000µW/cm2 measured using a radiometer (UVX, UVP Instruments, Cambridge). 
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Figure 2.10: Schematic diagram of postharvest treatment equipment 
(a) UV Source (b) Reflector (c) Rollers 
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Figure 2.11: Photograph of postharvest treatment equipment 
(a) UV Cabinet (b) Close-up of rollers (c) Knob for adjusting distance between rollers (d) Roller Speed Regulator
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2.3.2 Portable UV Treatment Device 
Treatment was first done with a portable UV device as shown in figure 2.12 below 
which contained the UV source (GX018TSL, Voltarc Tubes Incorporated, Fairfield, 
CT., USA) having principal emission at 253.7 nm and rated at 42 W) with measured 
intensity of 1000 µW/cm2.  
 
 
 
Figure 2.12: Portable UV treatment device 
 
2.3.3 Preharvest UV Treatment Equipment 
Preharvest UV treatment was performed using equipment designed for this purpose 
as shown in figures 2.13 and 2.14 below. The equipment was fitted with two 
amalgam lamps (580 mm long diameter 15 mm) emitting principally at 254nm was 
fitted above the rollers (UVI 12OU 2G11 CP15/469, UV-Technik Speziallampen 
GmbH, Wumbach, Germany).  The lamps were operated at a distance of 
approximately 10 cm from the fruits to give a combined intensity of 2000 µW/cm2. 
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The treatment was performed at different times to compare the effect of different 
doses. The height of the rig and distance from the trusses was adjustable as shown 
in Figure 2.13.  
 
 
 
 
Figure 2.13: Preharvest treatment equipment 
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Figure 2.14: Arrangement for positioning of UV source 
 
2.3.4 Pulsed UV Treatment  
A pulsed UV Curing System from Xenon (RC-800 Series, Xenon Corporation, 
Lambda Photometrics, Hertfordshire, UK) was used for the pulsed treatment. The 
average energy of the lamp rated at 507J/Pulse (LH840 Model) producing a 
broadband spectrum from 180 to 800 nm. The UV system is shown in figure 2.15. 
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Figure 2.15: Pulsed UV treatment experimental set-up (Courtesy of Lambda Photometerics, 
UK) 
 
2.4 Produce Treated 
Two climacteric fruit were treated these are tomato (Solanum lycopersicum, var. 
Meccano) and mango (Magnifera Indica, var. Keitt). Also a non-climacteric fruit and 
vegetable were treated these are strawberry (Fragaria ananassa Duchesne var. 
Elsanta) and broccoli (Brassica oleracea, var Botrytis). 
 
2.5 UV Treatment of Horticultural Produce 
The methods by which various types of produce were treated with UV are described 
in this section. All the UV treatments were carried out wearing clothes to protect the 
arms and legs from UV irradiation. Also, UV protective masks were worn for eye and 
face protection. Special eye protection was used for the pulsed UV treatment due to 
the high energy emission from the source. 
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2.5.1 Postharvest UV Treatment  
The treatment of produce was conduced in the UV cabinet described in section 
2.4.1. For mangoes and tomatoes, the fruits are placed on the rollers at a fixed 
height from the UV source and treated for a determined time at 10 rpm.  
 
For broccoli, the heads were put in between the rollers at a stationary position and 
exposed as for the tomatoes and mangoes above. The dose which gives the best 
response without deleterious effects on the produce was determined and used. The 
produce were then stored at ambient temperature and monitored for physical and 
biochemical changes. 
 
2.5.2 Postharvest UV Treatment with Pulsed Source 
Postharvest UV treatment of produce was done using the pulsed UV source 
described in section 2.4.4. The number of pulses delivered to the various produce 
was regulated to deliver the maximum dose which did not give deleterious effects. 
 
2.5.3 Preharvest UV Treatment with Portable Device 
Preharvest treatment of tomatoes and strawberries was carried out using the 
handheld treatment device described in section 2.4.2. In order to deliver a consistent 
dose, the intensity of the lamp being used was measured at a distance of 10 cm from 
the produce and kept at an approximate distance for all treatments done.  
 
In addition, the device was moved slowly around the trusses treated to deliver an 
approximately uniform UV dose to the produce. This is shown in figure 2.16 below.  
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Figure 2.16: Preharvest Treatment of produce with handheld device 
(a) Truss (being treated at a fixed distance) (b) Portable UV treatment device (being rotated 
around truss) 
 
The fruit are very accessible because the plants are de-leafed as standard 
procedure as shown in figure 2.17 below. 
 
 
 
Figure 2.17: View between rows of tomato plants in a glasshouse showing accessibility of the 
fruit 
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All postharvest treated produce were immediately stored in the dark to prevent a 
photo-reversal of the UV response. 
 
2.5.4 Preharvest UV Treatment  
Preharvest treatment of produce was also carried out using a preharvest treatment 
equipment designed for this purpose. This equipment is described in section 2.4.3. 
 
The preharvest treatment equipment was fitted on top of harvesting trolleys to make 
movement around (along heating pipes) during the treatment easier. These heating 
pipes which also served as rails for carrying fruit pickers were found to be uniform for 
all the commercial growers visited. For the treatment, produce was sandwiched 
between the two lamps of the equipment at a fixed distance. The arrangement is 
shown in figure 2.18. 
 
 
 
Figure 2.18: Treatment of a truss of tomatoes 
(a) Truss between two lamps (b) Lamps at fixed Distance from truss 
 
The advantages of this equipment over the handheld device included a shorter 
treatment time of same number of produce. This was because intensity from the two 
lamps in the preharvest equipment was much more than that from the handheld 
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device. In addition the treatment was more convenient as the height and distance of 
the equipment from the trusses could be fixed.  
 
All preharvest treatments were carried out at night to prevent photo-reversal of any 
elucidated hormetic response. 
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Chapter 3  
3.0 The Use of Biodosimetry to Measure the UV Dose Delivered to a Sphere 
and Implications for the Commercial Treatment of Fruit  
The advantages of treating horticultural commodities were reviewed earlier in 
Chapter 1.  If UV treatment were being contemplated for the extension of the shelf 
life of fruit or vegetables on a commercial scale, it would first necessary to obtain 
information on the optimal UV dose necessary to elicit the maximum hormetic effect. 
If this were being considered for a commodity for which there existed published 
information on the optimal dose it would be necessary to confirm that these data 
were applicable to the cultivars which it was desired to treat.  If this information was 
not forthcoming from the literature, it would be necessary to conduct laboratory-
based studies to obtain it. Once this information has been obtained consideration 
would need to be given as to how the required UV dose could consistently be 
delivered to the commodity in question at large throughputs. This is because, as 
inferred above, UV has the potential to damage plant tissue, it is important to be able 
to accurately deliver doses that have been experimentally found to elicit hormetic 
effects (Shama, 2007).  
 
In examining previously the previously published literature on the subject it will first 
be first necessary to investigate whether the modes by which fruit have been treated 
in previous experimental studies are all equivalent. In a number of studies the 
intention has been to ensure that the entire surface of the fruit receives exposure to 
the UV, and this has been achieved by manually rotating the fruit 2 or 4 times and 
reducing the dose delivered to each „side‟ of the fruit in direct proportion to the 
number of times it is rotated (Stevens et al., 2005; Charles et al., 2008; Yang et al., 
2009). In none of these studies has the actual dose distribution that results from 
these different modes of exposure been experimentally determined. 
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 One method of achieving this is through the application of spore dosimetry (Tyrrell, 
1978). In this method the dose-response behaviour to UV of microbial spores is first 
obtained and then the survival of spores is determined under conditions where it is 
desired to estimate the UV dose. Doses may then be computed by recourse to the 
dose-response curve. Spores of Bacillus subtilis have frequently been used for this 
purpose (Gardner and Shama, 1999). Spore dosimetry itself comes under the 
general category of „biodosimetry‟, i.e. measuring the response of a biological agent 
to the effects of electromagnetic radiation.  
 
In the work described in this chapter an examination is undertaken as to whether 
spore dosimetry can be used to estimate the doses of UV delivered to horticultural 
commodities. This work is undertaken with a polystyrene sphere to which have been 
attached membranes bearing spores of B. subtilis under conditions of exposure 
designed to emulate those mentioned above that have been used in laboratory 
studies with fruit. Although such methods would generally not be applicable to the 
treatment of produce on a large scale in the horticultural sector, adoption of the 
techniques used by previous researchers should help determine whether it is 
possible to compare data for the same commodity obtained under different 
conditions of exposure.  The data obtained from spore dosimetry was used with 
simple mathematical models to predict dose distributions on the surface of a sphere. 
This was extended to other regular geometries that could be used to model the 
treatment of broccoli heads and mangoes.  
 
In addition to this, spore dosimetry was applied to the treatment of fruit of 
approximate spherical shape e.g. apples, oranges etc. on mechanical driven rollers 
employed to ensure that the entire surface of the fruit receives an even exposure to 
UV.   
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 3.1  Materials and Methods 
 3.1.1 UV Apparatus 
 The methods and apparatus used in this chapter for dose estimation are described 
in sections 2.2.5 to 2.2.8. 
 
 3.1.2 Determining surface UV dose from spore biodosimetry   
The methods utilised are discussed in Section 2.2.7. The model is an approximate 
one due to the complex geometries involved. 
  
 
 3.1.3 Theoretical Estimation of the Total UV Dose Delivered to Spheres 
 Measured intensity values obtained showed a strong correlation with theoretical 
values. At 12 cm from the UV source, the intensity was measured to be 2.5 mW/cm2 
and the theoretical value was 2.2 mW/cm2. While at 15 cm from the UV source, the 
intensity was measured to be 1.6 mW/cm2 and calculated to be 1.4 mW/cm2. This 
reduction of intensity with distance agrees with the inverse square law. 
 
In order to calculate the total theoretical dose delivered to a sphere reference is 
again made to figure 2.9. If the intensity at point 1 on the sphere (I1), distance d1 
from the source is known, the intensity at point 2 (I2), distance d2 from the source 
and with orientation of θ to the x-axis (the major variation of intensity over the 
surface of a sphere will be due to the orientation angle θ), can be derived from the 
inverse square law and Lambert‟s cosine Law thus: 
 
        
   
   
    θ                              (10) 
 
In the work reported here the sphere was divided into 5 segments and I1 (3.1 
mW/cm2) was measured using a UV radiometer. Equation (10) was then utilised to 
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determine the theoretical UV intensities (I2) on each of the other 4 segments. 
Integrating these gives the total intensity delivered to the sphere. 
 
3.2 Results and Discussion 
The dose response curve for spores of B. subtilis is shown in figure 3.1. Using this 
figure the measured log reductions in spore viability were „translated‟ into UV doses 
expressed as mJ/cm2 (see Section 2.2.5).  
 
 
Figure 3.1: UV dose response curve for spores of Bacillus subtilis 
 
Table 3.1 depicts the reductions in spore viability at each position of the sphere at 
which membranes were attached along with the corresponding UV dose estimates.  
The values shown represent the means from two separate experiments. For the 
case of a single exposure for 80 s, the highest dose recorded (178 mJ/cm2) was at 
position 1. The dose at position 3 is only 10 % of that at position 1, whilst at positions 
4 and 5 no reduction in spore viability was detected implying a zero dose. Delivering 
the UV dose in 2 exposures each of 40 s resulted in doses at positions 1 and 5 of  
92.0 mJ/cm2, that is, 52 % of that for a single exposure.       
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1 Refer to Figure 3.1 
2 Average of 2 Readings 
 
3 The value (N/N0) obtained after exposure to UV is read off the calibration curve (Figure 3.1) to obtain dose. N/N0 x 100 gives percentage survival 
 
4 The non-zero dose obtained at 90° is likely due to the width of the reflector being greater than the diameter of the sphere
 
 
Position 
Mode of Exposure to UV 
(number of exposures x time at each exposure) 
1 X 80 s 2 X 40 s 4 X 20 s 
Number1 Angle 
(Degrees) 
% 
Survival 
UV Dose 
(mJ/cm2) 
% 
Survival 
UV Dose 
(mJ/cm2) 
% 
Survival 
UV Dose 
(mJ/cm2) 
1 0 3.3 178.1 6.0 92.0 10.7 54.5 
2 45 4.0 129.1 7.6 73.8 22.5 27.2 
3 90 32.6 18.7 24.8 24.9 11.9 49.2 
4 135 81.6 0.0 7.7 92.0 22.5 27.2 
5 180 93.8 0.0 5.6 83.2 10.2 58.2 
Table 3.1: UV Doses
2
 delivered to a sphere (Dia., 70 mm) following different modes of exposure as estimated from B. subtilis spore dosimetry 
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Where the dose was delivered in 4 consecutive exposures each of 20 s duration with 
rotation through 90° after each exposure, the doses at positions 1, 3 and 5 ranged 
from 49.2 to 58.2 mJ/cm2, which represented 30% of the value for a single exposure. 
Using the methods described above in Materials and Methods the total, or 
integrated, UV dose delivered to spheres were calculated from experimental 
measurements and also from theoretical considerations and are displayed in Table 
3.2.  
 
Number1 of 
Rotations in 
the UV Field 
UV Dose (J) 
Experimental Theoretical 
Single 9.1 10.6 
Two 10.7 10.6 
Four 6.1 10.6 
 
Table 3.2: Comparison of total UV doses delivered to spheres under different conditions of 
exposure as determined by B. subtilis Spore dosimetry and by calculation 
 
1“Single exposure” denotes that the sphere was irradiated by the UV source for 80s; “Two Exposures” 
that the sphere was irradiated for 40 s, rotated through 180 ° and irradiated for a further 40 s; “Four 
exposures” that the sphere was irradiated for 20 s and rotated through 90 ° and that this was repeated 
a further 3 times. 
 
 
The 3-D distributions for the hand-rotated spheres are shown in figure 3.2 below. 
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Figure 3.2: Experimentally-derived UV dose distributions for spheres under different conditions of exposure 
                    
(a) Single Exposure (The UV Dose was delivered in one exposure of 80 s) 
(b) Two Exposures (The sphere was irradiated for 40 s, rotated through 180 ° and irradiated for a further 40 s) 
(c) Four Exposures (The sphere was irradiated for 20 s then rotated through 90 °; this was repeated a further 3 times). 
1 Spheres were rotated along the y-axis 
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Although based on five experimental point readings of dose, the geometric symmetry 
of the test object (a perfect sphere) enabled these predictions to be made with 
confidence. The theoretically-derived doses are all equal to 10.6 J, however, the 
dose distribution is markedly different for each case and is depicted in figure 3.3.  
 
As expected, rotation of the sphere in the UV field four times results in the most even 
dose distribution. Good agreement with the theoretically-derived total dose is 
obtained from the spore dosimetry experiments when the sphere was irradiated 
either once or twice (Table 3.2).  
 
However, for the case of four rotations the method employed here gave a total dose  
of only 6.1 J - considerably below the calculated value. For the former cases (no 
rotation of the sphere, or only one rotation) each of the spore-laden membranes 
received only a single exposure to the UV source, however, for four rotations each of 
the membranes would have received two exposures of correspondingly reduced 
doses of UV with a short time interval between each exposure. 
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Figure 3.3: Theoretically-derived UV dose distributions for spheres under different conditions of exposure 
                      
(a) Single Exposure (The UV Dose was delivered in one exposure of 80 s) 
(b) Two Exposures (The sphere was irradiated for 40 s, rotated through 180 ° and irradiated for a further 40 s) 
(c) Four Exposures (The sphere was irradiated for 20 s then rotated through 90 °; this was repeated a further 3 times). 
 
1 Spheres were rotated along the y-axis 
2 y = 8.3551x2 - 96.032x + 263.09 (Equation plotted for single exposure) 
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In experiments conducted using the mechanical rollers it was observed that although 
the weight of the polystyrene spheres (c. 5.6 g) was considerably lower than that of 
typical fruit of the same diameter – an orange, for example, would weigh 
approximately 200 g – at the speed of rotation employed here the spheres did not 
display a tendency to roll or spiral in a lateral direction. While the direction in which a 
sphere could rotate is not an issue, it would be an important consideration for non-
spherical produce like mangoes. Under these conditions of irradiation the total 
apparent dose for 80 s exposure was only 3.5 J. This was the same time of exposure 
used for the spheres that were manually rotated yet the predicted value from spore 
dosimetry is only 33 % of the theoretical dose.  
 
Doubling the exposure to 160 s gave an increased dose of 10.2 J – close to the 
values obtained above.  The dose distributions for spheres treated on rollers are 
shown in figure 3.4. 
 
In order to establish whether this form of irradiation employing rollers could form the 
basis of a practical, commercially-based process for treating produce, the effect of 
interference from adjacent spheres was evaluated. The effectiveness of roller tables 
for the commercial treatment of produce has been previously investigated (Bishop 
and Garlick, 1998). The treatment in this study was however done using a spray 
nozzle delivering a chemical liquid to potatoes on the roller table. Some of the factors 
which were investigated include; shielding caused by the walls of the roller table, 
drag effect for tubers touching the wall- giving rise to increased residence time and 
consequently receiving a higher dosage . These factors will need to be taken into 
consideration when a commercial mechanical roller system is being designed for UV 
treatment of produce. 
Other factors that will call for attention include the nature of the finishing of the 
rollers- as this will affect the coefficient of friction as the produce rotate, as well 
determine whether or not abrasion of produce will occur, and the reflective nature of 
the rollers. Further investigation will be required to determine the effect of these 
factors as this was outside the scope of this study. 
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Figure 3.4: Experimentally-derived UV dose distributions for spheres treated on mechanical rollers
1
 
 
 
(a) Single Sphere (Treated for 80 Seconds)  
(b) Single Sphere (Treated for 160 Seconds)  
(c) Sphere with neighbours (Treated for 160 Seconds)  
 
1 rotation speed was 10 rpm 
 
2 Spheres were rotated along the x-axis 
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To do this a sphere with spore-laden membranes attached to it was placed on the 
rollers and on either side of it were placed blank spheres – i.e. with membranes. A 
reduction in spore inactivation was observed at positions 1 and 5 (Table 3.3), that is 
along the axis of rotation, but the total dose delivered was 8.9 J which represents 
only a relatively small reduction compared to the case above for a single sphere.  
 
The case of the sphere given 4 exposures to UV and the spheres rotated on the 
rollers are similar in that the spores located on the membranes were subject to, in 
the first case, as pointed out above, 2 exposures to the UV source separated by a 
short time interval, and in the latter case multiple exposures separated by somewhat 
shorter time intervals. The effects of intermittent exposure to UV on microbial 
inactivation have previously been studied. Harm (1980) found that survival in such 
instances was greater than if the dose were delivered in a single exposure. This was 
attributed to the operation of DNA repair mechanisms during those intervals when 
the microbial cells were not actually exposed to UV. Significantly, spores of B. 
subtilis are known to possess the facility for repairing UV induced damage (Slieman 
and Nicholson, 2000). 
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The notation “Single Sphere” indicates that only one sphere was present on the roller assembly during treatment, 
whereas “Sphere with Neighbours” denotes that blank spheres were placed either side of the test sphere. 
1 Average of Two Readings
Conditions and Time 
of Exposure 
Single Sphere 
(80 Seconds) 
Single Sphere 
(160 Seconds) 
Sphere with 
Neighbour (160 
Seconds) 
Position Angle 
(Degrees) 
% 
Survival 
UV Dose 
(mJ/cm2) 
% 
Survival 
UV Dose 
(mJ/cm2) 
% 
Survival 
UV Dose 
(mJ/cm2) 
1 90 34.9 18.6 16.0 35.6 41.0 15.5 
2 45 22.2 27.7 14.0 45.9 15.0 39.5 
3 0 12.5 49.2 4.0 136.9 4.0 135.9 
4 45 22.5 27.7 14.0 45.9 15.0 39.5 
5 90 33.8 18.6 15.8 35.6 38.0 17.2 
Table 3.3: Doses
1
 delivered to a sphere rotated at 10 rpm under different conditions 
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This phenomenon constitutes in effect a limitation to the application of spore 
dosimetry for UV C dose determination. For cases where spores would receive only 
a single exposure to UV the results presented here show that the method should 
prove useful and readily applicable. Spore biodosimetry could be used to obtain 
estimates of dose distribution on the surface of objects of irregular geometry or in 
cases where an object receives irradiation by more than one UV source where 
mathematical predictions would become complex. However, limitations could arise if 
the conditions of dose delivery result in an interval between UV dose accumulation at 
the surface of an object. 
 
 Apart from the roller device described here, this could arise if the object were being 
conveyed in a UV tunnel with a discrete number of sources resulting in intervals of 
time when the surface of the object were not being irradiated (Shama, 1999). It has 
become the convention in experimental studies to cite UV doses in terms of energy 
delivered per unit area – e.g. J/m2 (Shama and Alderson, 2005) rather than in terms 
of total UV dose delivered. The former are obtained by multiplying the UV intensity 
by the time of exposure.  
 
The reluctance to give total doses stems from the fact that whilst it is possible to 
calculate the total dose delivered for objects of regular geometry, horticultural 
produce rarely conforms to this mathematical convenience. Notwithstanding, certain 
fruits such as apples, tomatoes, citrus fruit and peaches could be considered to a 
first approximation as perfect spheres. Calculating the total UV dose delivered to a 
head of broccoli would prove more challenging, whilst calculating the dose delivered 
to a bunch of grapes would require a considerably greater mathematical effort. 
 
The issue of whether it is even necessary to irradiate the entire surface of 
horticultural products is one that requires consideration. Mercier et al. (2000), 
attempting to prevent Botrytis cinerea infection of carrots, found that UV did not have 
a systemic effect, and that it was necessary to ensure full surface exposure. 
Moreover, these workers showed that resistance to infection was closely associated 
with the accumulation in the carrot tissue of 6-methoxymellein which only 
accumulated where the tissue had received direct irradiation. In such cases it would 
be useful to have surface dose distribution plots such as are shown in figures 3.3 to 
69 
 
3.5 in order to ensure that the threshold UV dose for eliciting the plant response was 
being achieved over the entire surface. 
 
On the other hand, Stevens et al., (2005) showed that for apples, peaches and 
tangerines the greatest resistance to a variety of mould-induced rots were obtained 
by delivery of the UV dose at the stem end of the fruit without rotation. It may turn out 
that whether or not full surface exposure to UV is necessary may be dependent on 
the type of produce and it is evident that further studies are required to determine 
this. 
 
3.2.1 Estimating the Total UV Dose Delivered to Treated Broccoli and Mango 
from Theoretical Considerations 
As mentioned earlier, calculating the total UV dose delivered to non-spherical 
produce would be more complicated than that for the sphere. However, the 
underlining principle remains the same which is the fact that the total UV dose 
delivered to an object would be given by the product of the integral of the intensity 
over the object and its area. The detailed calculations for area of the treated broccoli 
are shown in Appendix 1.  
 
The intensity delivered to the broccoli head is determined using the formula  
 
I2 = I1 Cos θ           (4) 
 
Where I1 = Intensity measured at the top of the broccoli head (900 mJ/cm
2) 
   I2 = Intensity at any other point on the surface of the broccoli head 
    Θ = angle in degrees between I1 and I2 
 
Assuming the broccoli head is divided into elements as shown in figure 3.5, the 
product of the integral of the intensity over each partition and the area of the head 
will give the total dose delivered. Therefore using discrete values of intensity (Di) for 
each partition (xi), the intensity can be calculated using equation 7 where A is the 
area of the broccoli. 
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Figure 3.5: Schematic of broccoli divided into elements 
 
Using equation 10, the intensity delivered to each partition is determined (assuming 
θ between each point = 45° and intensity at top on head is 900 mJ/cm2). 
Using equation 7 the total UV dose delivered to the broccoli head is computed to be 
0.99 kJ and the distribution of the UV if delivered at a stationary position is shown in 
figure 3.6 below. 
 
 
 
Figure 3.6: Theoretically determined distribution of UV dose on treated broccoli 
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Figure 3.6 shows that the UV delivered to the broccoli is maximum at the top of the 
head and reduces to zero as the angle between the normal and the measured 
partition increases. 
 
This technique was also applied to mangoes. Assuming the mango fruit is also 
partitioned as shown in figure 3.7 below, Using equation 10, the intensity delivered to 
each partition is determined (assuming θ between each point = 45° and intensity at 
top of head is 900 mJ/cm2). 
 
 
 
Figure 3.7: Schematic of mango divided into elements 
 
Using equation 7  the total UV dose delivered to the mango fruit is computed to be 
0.69 kJ and the distribution of the UV if delivered at a stationary position is shown in 
figure 3.8 below. 
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Figure 3.8: Theoretically determined distribution of UV dose on treated mango 
 
3.3 Conclusions 
Commercialization of UV treatment of horticultural produce in order to induce 
beneficial responses in the produce following treatment requires both accurate dose 
delivery and a method of treating large quantities of produce efficiently. Furthermore, 
it has long been assumed that such effects require the entire surface of the 
horticultural commodities - typically fruit - to be exposed to UV. This has typically 
been achieved by manually rotating the fruit in a UV field whilst reducing the dose 
delivered at each rotation in direct proportion to the number of rotations. However, 
the resulting UV dose distributions achieved under these circumstances are 
generally not reported in the literature.  
 
In the work described in this chapter a polystyrene sphere (Dia.,70 mm) was used to 
simulate fruits such as tomatoes, apples, peaches etc., that have an approximately 
spherical form in order to provide a means of measuring the total doses of UV 
accumulated during treatment and comparing such estimates to theoretically-derived 
ones. This was achieved using dosimetry based on spores of B. subtilis in which 
spore-impregnated membranes were attached to the surface of the sphere.  
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The fraction of spores surviving exposure was used to estimate dose from a dose-
response curve for the spores. Under irradiation conditions leading to a theoretically 
calculated dose of 10.6 J, spore dosimetry yielded estimates of 9.1, 10.7 and 6.1 J 
for UV delivered in respectively, one, two or four exposures. In the case of exposure 
of the sphere during continuous mechanical rotation for the same length of time 
(80*2 s) a value 3.5 J was obtained. Irradiation conditions resulting in the spores 
being subject to intermittent exposure to UV led to dose estimates below the 
theoretically derived ones. 
 
On the basis of the close agreement between the theoretical and experimental 
doses, the theoretical method was also applied to calculate the total doses delivered 
to non-spherical produce (broccoli and mango) using the option of modelling which is 
more flexible for use than biodosimetry. It is perfectly possible to conduct consistent 
UV treatment by basing the dose on a plane that touches as it were the top of an 3D 
object – what this doesn‟t tell you is the dose distribution and the total dose. The 
former is the important parameter if it is established that hormetic effects are not 
systemic. 
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Chapter 4  
4.0 Postharvest UV Treatment of Tomatoes 
Tomato is a very important commercial food crop having one of the highest trades 
internationally with the global production in 2001 surpassing 80 million metric tonnes 
(FAO, 2001). However, postharvest losses continue to be a major problem facing the 
production and trade of this product (Jagadeesh et al., 2009). The beneficial 
response of tomatoes to UV treatment as a non-chemical technique for limiting 
postharvest losses and elicitation of phytoalexins has been widely documented by a 
number of researchers (Maharaj et al., 1999; Stevens et al., 2004; Charles et al., 
2005; Charles et al., 2008a; 2008b; 2008c; Jagadeesh et al., 2009).   
 
However, there are still not sufficient data for treatment on this basis to be scaled up 
as these studies have been carried out on a laboratory scale with most of the factors 
that will affect a scale up not comprehensively investigated. One important factor is 
the lack of a standardised method for dose estimation and delivery. Also, in all of 
these studies the fruit were manually rotated by hand for uniform exposure to the UV 
light with none of these researchers considering the issue of scale-up. Since 
incorrectly delivered dose can adversely affect the produce being treated, this is a 
major consideration for a successful scale up of the technique. 
 
These studies have also not considered the effect on UV treatment on the most of 
the major quality parameters such as colour, texture and nutritional quality together 
as will be considered in the work described in this chapter. This is expected to 
provide a more complete view of the effect of the UV treatment. 
 
 Considering the importance of treatment time to any industrial scale up, the effect of 
pulsed UV treatment was investigated. This was necessary because the shorter the 
treatment time, the easier it would be to integrate the treatment technique into a 
commercial production line, as this would not adversely affect processing times. This 
high intensity treatment was conducted using a commercially available pulsed UV 
source. Use of this source would in addition permit investigation as to whether the 
hormetic effect is dependent upon the delivered dose irrespective of the 
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administered regime (i.e. whether high dose/short time is equivalent to low dose/long 
time). 
In this work the conventional UV treatment was done on mechanical rollers within a 
UV cabinet rather than manual rotation of the fruit by hand as has been employed in 
the previous studies. This had not been shown in any other laboratory based study 
as far as the literature survey for this work showed. 
 
4.1 Materials and Methods 
Mature green tomatoes (var. Mecano) were handpicked from a commercial grower, 
(VHB Humber, Brough, UK) and treated within 4 hours of picking. The effect of 
conventional UV treatment was compared with pulsed UV treatment as well as a 
control group. All fruit were stored at room temperature (20 ± 3°C) in the dark to 
prevent photoreversal of the hormetic effect of the UV treatment.  All measurements 
were made on triplicate fruits per treatment group each day. No condensation was 
observed on any samples during storage within the specified temperature range. 
This temperature range was maintained at all times. 
 
4.1.1 Treatment of Tomatoes with Low Intensity UV Sources 
Multiple tomatoes were treated (about 20 to 30 fruit depending on the size) as 
described in section 2.3.1. The fruits were put on the rollers and treated for 5 
minutes at an intensity of 1000 µW/cm2 using low intensity mercury vapour sources 
(2.3.1). This dose delivered was calculated to be 3.0 kJ/m2 (product of intensity and 
exposure time in seconds). The total energy delivered was then calculated using the 
method described in Chapter 3 of this work, to give a delivered dose of 10.2 J (based 
on a tomato diameter of 6 cm and assuming perfect sphericity). Data obtained using 
this type of source is referred to as „conventional treatment‟ in the figures presented 
in this Chapter. 
 
4.1.2 Treatment of Tomatoes with a Pulsed UV Source 
The pulsed UV treatment was done as described in section 2.3.3.  Since the pulsed 
source delivered light from 180 to 800 nm, it was necessary to determine what 
76 
 
fraction of the light being delivered was UV-C. This was important because high 
intensity white light has been used in the sterilisation of food and food packaging 
surfaces, also some biological effect of this type of light have been described (Oms-
Oliu, 2010). This was done by exposing spores of Bacillus subtilis (on membrane 
filters) to the pulsed UV light both with and without a sheet of glass interposed 
between the source and the membranes. This would have the effect of absorbing all 
the UV produced by the source. The fraction of the pulsed light that falls in the UV-C 
range was determined as shown in Table 4.1. Based on the response of fruits to a 
range of treatments (1, 2, 3, 5, 8 and 20 pulses) at a fixed distance of 8 cm, the best 
treatment of 3 pulses was used based on visual examination of the treated fruit 
compared to the control. The 5, 8 and 20-pulsed treatments gave rise to obvious 
damage after 3 days of storage while the 1 and 2 pulsed treatments showed no 
observable difference. The intensity of 3.29 kJ/m2 (1 pulse) measured at 8 cm from 
source is equivalent to the 5 minutes treatment carried out with the conventional 
source (3.0 kJ/m2).  
 
Condition Distance from 
Source (cm) 
Dose (kJ/m2) 
(Biodosimetry) 
3 Pulses (with glass) 8 0 
1 Pulse (without glass) 27 0. 03 
1 Pulse (without glass) 8 3.29 
 
Table 4.1: Intensity of UV-C fraction of pulsed light determined using biodosimetry 
 
4.2 Results and Discussion 
The colour of the tomatoes was monitored as described earlier. The results obtained 
are shown in figure 4.1 below. The results reveal that the conventional UV treatment 
significantly retarded (p < 0.05) the development of colour in the tomatoes as 
compared with controls. Also, it is interesting to note that the pulsed UV treatment 
gave rise to a greater lag in the development of the red colour in the treated fruits. 
This suggests that a high dose (with short exposure time) gives a more pronounced 
beneficial response than observed with delivering a low dose (with long exposure 
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time) to the tomatoes. However, a direct comparison of the conventional and pulsed 
UV treatments was difficult to conduct as there was the possibility of the other 
wavelengths of the pulsed light having an effect on the fruits could not be ruled out 
since the pulsed light is polychromatic. However the effect of the pulsed UV 
treatment is significant because the treatment times were greatly reduced and the 
effect on colour development clearly observable.  
 
Retardation of colour development after UV treatment was also observed by Maharaj 
et al., (1999). These workers treated mature green tomatoes with a hormetic dose of 
3.7 X 103 J/m2 (which was similar to conventional UV dose applied in this work) and 
after a stored at 16°C for 35 days during which the quality (colour, texture and 
respiration rate) of the fruit was monitored. The conclusion from this study was that 
treatment of tomatoes with a hormetic UV-C dose led to a delay in senescence by 7 
days as observed by the effect of the treatment on the quality parameters earlier 
listed.  
 
 
Figure 4.1: Effect of conventional and pulsed UV treatment on colour development in tomato 
as measured by the Tomato Colour Index (TCI) 
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Figure 4.2: Effect of postharvest UV treatment on colour of tomatoes 
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The development of red colouration in the pulsed treated fruits was significantly 
retarded as compared with the conventional and untreated sets as shown in figure 
4.2. 
 
The texture of the treated tomatoes was also monitored in this study during the 
storage period and the results are shown in figure 4.3. The pulsed treatment gives 
rise to a significant lag (p < 0.05) in the softening of the tomatoes as compared to the 
conventional treatment and control fruits, while the conventional UV treatment did 
not show any effect on the texture of the fruit. This effect may be due to inhibition of 
the production of cell wall softening enzymes such as polygalacturonase by the fruit 
by the pulsed UV treatment (Tucker and Grierson, 1982; Barka et al., 2000).  
 
UV-C treatment of tomatoes has been previously shown to give rise to a lag in the 
onset of senescence. This has been measured by a delay in the change of colour 
from green to red, reduction in the respiration rate of treated fruit, and a reduced 
production of cell wall degrading enzymes. A number of previous workers (Maharaj 
et al., 1999; Stevens et al., 2004) had previously shown that UV-treated tomatoes 
had a firmer texture and this agrees with the results obtained here. 
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Figure 4.3: Texture of tomatoes as affected by postharvest UV treatment 
 
The results obtained for ascorbic acid content monitored over the storage period is 
shown in figure 4.4 below. The results show that the two UV treatments did not have 
any impact on the level of ascorbic acid as the level observed is comparable with 
that of the control fruits over the 5 days storage period at 20 ±3°C. 
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Figure 4.4: Effect of UV treatment on ascorbic acid content of tomato 
 
These observations for ascorbic acid content contrasts slightly with results obtained 
by Jagadeesh et al. (2009), who reported an increase in ascorbic acid content for UV 
treated (3.7 kJ/m2 and stored at 13°C) mature green tomatoes (var. DRK-453) as 
compared with control fruits (average values obtained were 16.87 mg/100 g FW and 
16.01 mg/100 g FW for treated and untreated respectively). Although the difference 
reported is marginal, it was reported to be statistically significant. The difference in 
observation could be as a result of the different storage temperatures used or the 
different cultivars of fruits used. 
 
The trend for the antioxidant content of the fruit with and without treatment monitored 
over the storage period is shown in figure 4.5 below. The antioxidant activity 
increased over the first two days of storage and this is most probably due to ripening 
as the increase was also observed in the control fruit. After the initial increase, the 
change observed for all groups was no longer statistically significant. 
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In this case also, the UV treatment did not have any statistically significant impact on 
the measured value, except on Day 2 where the level of antioxidants was higher for 
the control fruits. However, this difference became insignificant from Day 3.   
 
 
 
Figure 4.5: Effect of UV treatment on antioxidant capacity of tomato 
 
The observations of Jagadeesh et al., (2009) followed the same trend, as it was also 
shown that the UV treatment did not affect the antioxidant capacity of the treated 
fruit. 
 
The phenolic content of the fruit was not affected by the treatment during the 
monitoring period. As shown in figure 4.6, the values in all samples were observed to 
decrease gradually during storage with no statistically significant difference on any 
day.  
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Figure 4.6: Effect of UV treatment on phenolic content of tomato 
 
Jagadeesh et al., (2009) also reported that there was no statistically significant 
difference in phenolics content between treated and untreated samples. 
 
Although no formal attempt to verify the Bunsen-Roscoe reciprocity law was made, it 
is nonetheless useful to compare the results obtained here with low and high 
intensity sources. A single pulse from the high intensity source was roughly 
equivalent to the dose delivered by the low intensity source (i.e. 10.2 J). Although, as 
stated in the introduction, fruits treated with 1 and 2 pulses were only examined 
visually for signs of differences to the control fruit, no effects were apparent. It was 
decided to employ 3 pulses as these tests also showed that a high number of pulses 
would damage fruit. The results obtained here suggest that the impact of the high 
intensity treatment did not follow the reciprocity rule, as treatment of tomatoes with 1 
pulse had no discernable effect. A definite effect was obtained for the higher dose of 
3 pulses (approximately 30.6 J) which gave rise to a lag in colour development and a 
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significant delay in the softening of the fruits. However, there are complicating factors 
in comparing pulsed and continuously-delivered doses.  
 
Delivering the dose in pulses is tantamount to dose fractionation. The effect of 
fractionated exposure to UV on microbial inactivation has been well documented. 
Harm (1980) found that bacterial survival in such instances was greater than if the 
dose were delivered in a single exposure. This was attributed to the operation of 
DNA repair mechanisms during those intervals when the microbial cells were not 
actually exposed to the UV-C. Spores of B. subtilis are known to possess the facility 
for repairing UV-C induced damage (Slieman and Nicholson, 2000). Although the 
effects of fractionating UV doses on fruit has not previously been examined, there 
remains the possibility that some sort of „recovery‟ mechanisms could have been 
activated in the fruit, and that therefore caution needs to be exercised in making 
direct comparisons purely  on the basis of dose delivered. 
 
Rabino et al., (1977) investigated the effect of irradiation with red light on the 
synthesis of anthocyanins in tomato. The findings reveal that a continuous and 
intermittent treatment of equivalent irradiance with red and far-red light gave rise to 
an equal synthesis of anthocyanin in exposed seedlings (Rabino et al., 1977). Hence 
the UV-A, UV-B as well as other fractions of the pulsed light might have some impact 
on the treated fruit. As a result, further investigations to determine a direct 
comparison would therefore be essential. 
 
As stated earlier, the total dose delivered to the tomatoes was determined in Joules. 
This would help provide a more standardised mode for delivering produce treatment 
on a commercial scale as it would be more useful on a large scale than the current 
units of kJ/m2 being reported in literature. The method utilised for this calculation as 
discussed in Chapter 3 took into consideration the area of the produce being treated 
and integrated the intensity over the surface. As a result, the dose being delivered to 
horticultural produce on a commercial scale could be systematically determined for a 
range of produce. This is a very important consideration because an over dose could 
lead to damage in the produce (Calabrese and Blain, 2009). 
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However, for the pulsed treatment, only the UV-C dose could be determined using 
biodosimetry therefore there is a need to utilise another method for determining the 
total dose delivered during pulsed UV treatment. Bialka and Demirci (2008) 
decontaminated the surface of berries using pulsed UV light and determined the total 
dose delivered to be 1.27 J/cm2. However, the method utilised for this measurement 
was not described. Similarly, Krishnamurthy et al., (2010) who investigated the use 
of pulsed UV light and infrared heating in the inactivation of Staphylococcus aureus 
determined the total energy of the pulsed light to be 54% within the UV region. 
However, the method used for determining this was also not discussed. 
 
Since the pulsed UV source delivers light ranging from 180 – 800 nm, it will be 
imperative to use another technique aside the one used in this study to confirm the 
total energy delivered by the treatment that takes into account the hormetic effect of 
the rest of the light apart from the measured UV-C fraction. A possible suggestion for 
making such measurements is the Gentec Energy Meter and controller (Lambda 
Photometrics, Batford Mill, Harpenden, Herts. UK). The equipment has a slide-on 5 
mm aperture which allows energy density to be made for fixed areas. Unfortunately, 
this was not available during the times when the studies described here were being 
carried out. 
 
One of the major concerns of treatment of fresh produce is that even though shelf-
life is positively affected, the quality of the fruit should not be detrimentally affected. 
The results obtained show a good agreement with those of other researchers that 
the principal indicators of quality and nutritional value were not adversely affected.  
The beneficial response of tomatoes to treatment with a hormetic UV dose was 
shown by a significant delay in the onset of senescence shown by a lag in the 
formation of red colour in the treated fruit which in this study was observed for both 
pulsed and conventionally treated fruit. Significantly also, the treatments were found 
to have no negative impact on the nutritional parameters monitored (total phenolic, 
antioxidant and ascorbic acid content). The UV treatment was also shown to 
significantly increase the level of ascorbic acid in the fruits. 
 
However, the question still remains as to whether or not the beneficial effects of UV 
hormesis seen on a small scale in tomatoes could be successfully increased to a 
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commercial scale. As pointed out earlier, in all the studies considered, the tomatoes 
to be treated were manually rotated by hand and the delivered dose fractionated 
according to the number of rotations. This was done in order to expose the whole 
fruit surface to the UV light. This problem needs further investigation as it has been 
shown that accumulation of the phytoalexin 6-methoxymellein in UV treated carrots 
was localised and hence it was essential to expose the whole surface of the fruit to 
the UV light (Mercier et al., 2000). However, Stevens et al., (2005) showed that for 
apples, peaches and tangerines the greatest resistance to a variety of mould-
induced rots was obtained by delivery of the UV-C dose at the stem end of the fruit 
without rotation. Hence additional work would need to be conducted to establish 
whether in the case of tomatoes it would be necessary to treat the entire surface or 
whether dose delivery at the stem end would be sufficient.    
 
However, for produce which require the complete surface to be exposed to UV for 
the hormetic effect to be effective, the development of a method of delivering the UV 
treatment uniformly which could easily be scaled up is necessary. In this study, this 
was achieved using mechanical rollers. Due to the diversity of horticultural produce 
that are available to UV treatment, the ability to treat produce of a wide range of size 
and shape using a single UV treatment equipment would be significantly 
advantageous (Shama, 2007). 
 
A configuration of equipment for treating produce was designed which had a pair of 
adjustable rollers for accommodating produce of different shapes and within a UV 
cabinet, making it a suitable option for commercial outlets dealing in a range of 
horticultural produce. In addition, the height of the UV source from the rollers could 
be adjusted to control the UV intensity within the cabinet. This device is amenable for 
commercial scale up for the postharvest treatment of tomatoes. 
 
 Brandt and Klebaum (2000) had a concept similar to the treatment equipment 
designed for this work. This comprised an inclined rolling conveyor that caused 
spherical shaped produce to rotate while being irradiated with UV from sources fitted 
with an automatic actuator for adjusting the height of the sources from the produce 
being treated as shown in figure 4.8. However, results to ascertain the efficacy of this 
equipment were not presented. 
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Figure 4.7: Irradiating equipment (Brandt and Klebaum, 2000) 
 
The conventional UV source which is fitted in the treatment equipment described is a 
lot cheaper than the pulsed UV source which costs about £15,000 per unit. However, 
it must be stated that the scale of the equipment required to deliver the required UV 
dose might cause difficulties in incorporating such equipment into existing packing 
lines. However, because the pulsed units are more compact, it would be easier to fit 
these into already existing lines. Treatment could be done by passing fruit to be 
treated (on rollers or conveyors) beneath a continuous emitting pulsed UV source 
and since an effective dose could be delivered within a few seconds, the fruit could 
be collected at the end of the line and packed without a significant addition to the 
processing times currently used. 
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4.3 Conclusions 
Postharvest treatment of tomatoes was carried out using conventional and pulsed 
UV treatment, to determine if the process could be scaled up to commercial 
environment without impacting negatively on the nutritional and aesthetic quality of 
the produce. The results show that the pulsed UV treatment gave rise to a more 
pronounced lag in the delay of senescence as compared to untreated controls as 
well as fruit given the conventional UV treatment. Also, the nutritional quality of the 
fruits was not affected by either treatment. This implies that the treatment process 
could be used on an industrial scale without adverse effects on the produce treated. 
The treatment of tomatoes was successfully carried out using mechanical rollers 
within a treatment cabinet designed for this purpose. It is likely that pulsed sources 
could more easily be integrated into existing packing lines. However, it would be 
necessary to establish whether the entire dose could be delivered at the stem end of 
the fruit to further facilitate incorporation of UV treatment. The use of pulsed sources 
would undoubtedly reduce the processing time of horticultural produce and would in 
addition require less space. However, further studies would need to be undertaken to 
determine whether the use of such sources would be commercially viable. 
 
The UV dose delivered to the tomatoes was calculated in Joules which would be 
better suited for industrial application than the units of kJ/m2 utilised in other studies. 
However, the total energy delivered by the pulsed source would need to be 
confirmed using another technique as the biodosimetry method employed in this 
study only measured the energy within the UV-C region this would be necessary to 
investigate the effect of the remainder of the pulsed light on produce. 
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Chapter 5  
5.0 Postharvest UV Treatment of Broccoli  
Broccoli is an important food crop and it is estimated that some 250,000 tonnes were 
cultivated in the UK alone in 2007 (FAO, 2007). Broccoli has become associated 
with a number of health benefits. These centre primarily on the high glucosinolate 
levels which are common to all the brassicas and which may have protective effects 
against cancer and other diseases as well (Fahey et al., 1997 Herr and Büchle, 
2010; Yuan et al., 2010). Senescence occurs relatively rapidly after harvesting and 
results in the yellowing of the broccoli florets. This signifies the onset of chlorophyll 
degradation and the nutritional value of the broccoli heads declines concomitantly 
(Costa et al., 2006a; Aiamla-or et al., 2009). There is therefore a need to investigate 
commercially viable methods for extending the shelf life of broccoli and thereby 
reducing post harvest losses. 
 
One method which has been successfully utilised in laboratory studies is the 
treatment of broccoli heads with a hormetic dose of UV-C (Costa et al., 2006a; 
Aiamla-or et al., 2009). This treatment seems to have great potential for commercial 
growers as it significantly retards the degradation of chlorophyll in treated broccoli 
heads shown by a delay in yellowing. However, it is still yet to be shown if the 
techniques used by researchers on a laboratory scale could be utilised on a 
commercial scale taking into consideration the scale on which the commodity is 
grown and the necessity of integrating treatment effectively into current post harvest 
practices.  This important consideration has not received sufficient attention in 
previous studies.  
 
The work presented in this chapter focuses on the impact of treating broccoli heads 
with either conventional – i.e. low intensity mercury vapour sources or high intensity 
pulsed UV light using methods which are amenable to scale up. The effect of the 
treatments on the nutritional and physical quality of the broccoli heads was also 
investigated.  The use of pulsed treatment could significantly shorten treatment times 
if similar effects as previously claimed for conventional UV treatment were elicited.  
This would provide information as to whether or not the hormetic effect is dependent 
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upon the way by which the UV dose was administered (i.e. whether high dose/short 
time is equivalent to low dose/long time).No previous studies have investigated this.  
 
5.1 Materials and Methods 
5.1.1 Treatment of Broccoli with Low Intensity UV Sources  
The broccoli heads used were obtained from a commercial wholesaler (Thorold, 1 
Hanford Way, Loughborough, UK). Simultaneous treatment of multiple produce (15 
to 20 broccoli heads depending on the size) was conducted as described in section 
2.3.1and following treatment heads were stored at 20 ±3°C. No condensation was 
observed on any samples during storage within the specified temperature range. 
This temperature range was maintained at all times. The stalks of individual broccoli 
heads were fitted in between the rollers at a fixed position for the treatment without 
rotation as shown in figure 5.1 below and treated for 15 minutes at an intensity of 
1000 µW/cm2using low intensity mercury vapour sources (2.3.1). Data obtained 
using this source is referred to as „conventional treatment‟ in the figures presented in 
this Chapter. All measurements were conducted using duplicate broccoli heads per 
treatment group on each day. 
 
 
 
Figure 5.1: Treatment of broccoli heads using a low intensity UV source 
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The dose delivered was calculated to be 9.0 kJ/m2 (product of intensity and 
treatment time in seconds). The total energy delivered was then calculated using the 
method described in chapter 3 of this work to give a delivered dose of 688 J (based 
on an area of 944.6 cm2 as determined using the average of 5 broccoli heads). 
 
5.1.2 Treatment of Broccoli with a Pulsed UV Source  
Pulsed UV treatment was done as described in section 2.3.3. The treatments of 5 
and 10 pulses were arrived at after exposing the heads to 3, 5, 10 and 15 and 20 
pulses and visually evaluating the effects of treatment  A low dose treatment (3 
pulses) did not significantly retard senescence compared to untreated produce 
whereas 15 and 20 pulses resulted in rapid yellowing of the broccoli. After treatment 
the broccoli heads were stored and monitored for quality (nutritional and physical) for 
between 5 and7 days. 
 
5.2 Results and Discussion 
The colour of the treated (conventional) and untreated broccoli heads were 
compared as shown in figure 5.2 below. The figure shows that the conventional UV 
treatment causes a significant lag (p < 0.05) in the onset of colour loss as compared 
with the control group.  
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Figure 5.2: Effect of conventional UV treatment on colour of broccoli heads 
 
The green colour was retained for longer in the treated heads. This signifies 
retention of the chlorophyll content of the heads (Costa et al., 2006a).  
 
The effect of the treatment on the development of colour in the broccoli heads is 
shown in figure 5.3 below.  
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Figure 5.3: Effect of low intensity UV treatment (conventional) on colour retention of broccoli heads 
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By Day 2 the control broccoli heads had begun to yellow gradually shown by the 
decreasing values of as shown in figure 5.3 and by Day 5 the treated heads showed 
a higher retention of green colour. 
  
Figure 5.4 shows that the pulsed UV treatment retards the loss of colour up until Day 
3 with the 10-pulsed treatment giving a more pronounced effect than the 5 pulsed 
treatment and the control heads (p < 0.05).  
 
 
 
Figure 5.4: Effect of pulsed UV treatment on colour of broccoli heads 
 
Although it was not one of the objectives of this work to systematically investigate the 
compliance of UV-C hormesis in broccoli to the Bunsen-Roscoe law, it was 
instructive to compare the effect of the low intensity continuous treatment with the 
high intensity treatment delivered by the pulsed source.  
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According to the Bunsen-Roscoe law dose is the determinant of biological effect and 
not the manner in which the dose is delivered. However, in terms of UV-C equivalent 
dose 10-pulse is equivalent to 234 J and conventional treatment for the time 
employed in these experiments resulted in a dose of 688 J. A comparison for effect 
of both these treatments on colour change is shown in figure 5.5. The conventional 
treatment gave rise to a more prolonged lag in colour development. It was however 
difficult to say for certain if this was solely due to the treatments delivered or also 
partly due to the variation in degree of senescence and crop variety of the broccoli 
heads. 
 
 
 
Figure 5.5: Comparison of effect of pulsed and conventional UV treatments on colour 
development in broccoli 
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A comparable effect was observed for the pulsed and conventional UV treatment of 
tomatoes shown in chapter 4 of this work. Where both UV treatments gave rise to a 
delay in colour development in treated fruit.  However further investigation is required 
as the total dose delivered by the pulsed treatment would need to be determined to 
ascertain the impact of wavelengths outside the UV-C region. This could be 
determined using the energy meter described in Chapter four of this work. This 
equipment was however not available when this study was conducted.  
 
As was discussed previously, bacterial survival has been shown to be higher when 
UV treatment was fractionated due to DNA repair (Harm 1980). The effect of 
fractionated treatment of broccoli has however not been shown, hence the need for 
further investigation.  
 
The retardation of colour loss in broccoli heads as a result of pulsed UV treatment is 
shown in figure 5.6. The heads given the 20 pulsed treated showed a much faster 
senescence than all the other groups including the control suggesting a deleterious 
effect. 
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Figure 5.6: Effect of pulsed UV treatment on colour retention of broccoli heads 
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Costa et al., (2006a) also reported a lag in the degradation of chlorophyll in broccoli 
heads treated with UV-C. In this study the broccoli heads were treated with UV-C 
doses ranging from 4.0 to 14 kJ/m2 and stored at 20 °C. All the doses used were 
shown to give rise to a delay in yellowing. However, the 10 kJ/m2 was selected as 
the optimal dose. However these workers placed the broccoli heads in trays for 
exposure to the UV source during the treatment. Although this method may be 
suitable for small scale laboratory treatments, it will not be amenable to commercial 
scaling up due to the effect of the number of broccoli heads to be treated on the 
repeatability of the process. 
 
This 10 kJ/m2 selected for use by Costa et al., (2006a) corresponds to the 15 minute 
conventional treatment carried out in this work (9.0 kJ/m2). Whilst this treatment 
gives rise to a beneficial lag in the degradation of chlorophyll in broccoli heads, it 
may be difficult to fit into commercial processing lines due to the sheer scale of 
equipment as well as the considerable addition to processing time. However, since 
the pulsed UV treatment which could be done in a much shorter time elicits a similar 
response, it could be a more promising option as it also has the extra advantage of 
being less bulky and hence is more amenable for fitting into already existing 
commercial packing lines. Further investigation is however required to determine if 
this is commercially viable.  
 
The ascorbic acid content of the broccoli heads treated with the conventional UV and 
that of the control heads increased during the storage period. However, the UV 
treatment caused a significant increase (p < 0.05) on Day 2 compared with the 
control group as figure 5.7 below shows. The control value also rose but that there 
was nonetheless a statistically significant increase as a result of treatment. This 
could have a significant impact on the nutritive value of treated broccoli heads (Costa 
et al., 2006a).  
 
99 
 
 
 
Figure 5.7: Effect of Conventional UV treatment on ascorbic acid content of broccoli heads 
 
After Day 2, the ascorbic acid content did not change significantly during the 
monitoring period. Similarly for the pulsed treatment, the ascorbic acid content of the 
treated groups was compared with the control group over the monitoring period and 
the result is shown in figure 5.8 below. 
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Figure 5.8: Effect of pulsed UV treatment on ascorbic acid content of broccoli heads 
 
The result suggests that the treatment also followed a dose-response trend with 10 
pulsed treatment giving the highest ascorbic acid amount detected. However, after 5 
days of monitoring, the level ascorbic acid content drifts back to basal.  
 
The effect of conventional UV treatment on the antioxidant capacity of broccoli heads 
is shown in figure 5.9.  
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Figure 5.9: Effect of conventional UV treatment on the antioxidant capacity of broccoli heads 
 
The results shown in figure 5.9 reveal that there was an increase in the in the 
antioxidant capacity of both the conventionally treated and untreated broccoli heads 
on Day 2 of the monitoring. This could be as a result of the stress following 
harvesting, which leads to a shortage of nutrition to the heads (Costa et al., 2006a). 
The same trend observed for conventionally treated heads was also seen in pulsed 
treated heads with a similar observation of increase in antioxidant capacity content in 
both treated and untreated broccoli heads as shown in figure 5.10. 
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Figure 5.10: Effect of pulsed UV treatment on the antioxidant capacity of broccoli heads 
 
Costa et al., (2006a) however showed an increase in the antioxidant content 
throughout the monitoring of treated broccoli heads as a result of UV-C treatment. 
This observation could be due to difference in the variety used or the stage of 
senescence at which the treated produce was at the time of collection from 
wholesalers.  
 
It would be necessary to carry out treatment on site immediately after harvest as the 
broccoli heads also undergo chilling which could affect the results of a hormetic 
treatment (Liu et al., 1993). This would ensure homogeneity of sample as well as 
provide for pre-senescence treatment of produce which is expected to elicit a more 
pronounced effect (Liu et al., 1993; Prusky and Keen, 1993).  
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Broccoli is harvested by pickers who place the heads on a conveyer belt (as shown 
in figure 5.11) that is pulled along the field in a tractor. The tractor also pulls along a 
cab in which workers pack the broccoli ready for chilling - this is where pulsed UV 
treatment could best be incorporated. 
 
 
 
Figure 5.11: Broccoli harvesting and packing 
 
The phenolic content of both conventionally treated and control broccoli heads was 
observed to increase throughout the monitoring period as shown in figure 5.12 with 
no statistically significant difference. 
 
104 
 
 
 
Figure 5.12: Effect of conventional UV treatment on phenolic content of broccoli heads 
 
It has however been observed by other workers that the UV-C treatment (and in 
synergy with hot air treatment) caused a statistically significant increase in the 
phenolic content of broccoli heads (Costa et al., 2006a; Leimone, 2010). 
 
As observed for the conventional treatment, the pulsed treatment did not give rise to 
any observable difference as compared with the control group over the storage 
period. However, the increase in phenolic content observed in figure 5.12 was not 
seen in this set as shown in figure 5.13. This may be due to the difference in the 
variety and stage of senescence of broccoli obtained from the wholesaler, reinforcing 
the need for a pre-senescence treatment.  
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Figure 5.13: Effect of pulsed UV treatment on phenolic content of broccoli heads 
 
Both conventional and pulsed UV treatments applied did not have any negative 
impact on both the physical properties and nutritional properties of the broccoli 
heads. 
 
The effects of other forms of radiation treatment on broccoli shelf life have also been 
investigated. Aiamla-or et al (2009) studied the effect of UV-A (4.5 to 9.0 kJ/m2) and 
UV-B (4.4 to 26.3 kJ/m2) on the quality of broccoli heads. The UV-A treatment did 
not have any effect on the loss of chlorophyll indicated by the change of colour from 
green to yellow. On the other hand, the UV-B treatment gave rise to a significant lag 
in the yellowing of treated heads. However, the effect of UV-B on the nutritional 
quality of the treated broccoli was not shown. The broccoli heads were manually 
placed at a fixed distance from the UV sources in each experiment and this system 
does not allow for a commercial scale up as the number of heads which could be 
treated using this method is limited. 
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Gomes et al., (2008) investigated the effect of electron beam irradiation on the 
quality of broccoli using a 10 MeV linear accelerator to deliver doses ranging from 1 
to 3 kGy. The respiration rate of the treated broccoli heads was observed to be 
significantly affected for the first 5 days, signifying a delay in senescence. However, 
the nutritional quality parameter (ascorbic acid level) was not affected by the 
treatment, with the ascorbic acid level decreasing during storage for both treated and 
untreated broccoli heads. The treatment did not affect the colour of the broccoli 
heads as the onset of yellowing was not inhibited. 
 
Heat treatment is another method that has been investigated by researchers for 
extending the shelf life of broccoli (Funamoto et al., 2002; Costa et al., 2006b). 
Heating the broccoli heads in an incubator with hot air for temperatures ranging from 
48-50 °C was shown to give rise to a lag in the onset of yellowing as compared to 
untreated broccoli heads, giving rise to a 4 day extension of shelf life. This extension 
of shelf life was due to the inactivation of chlorophyll degrading enzymes by the heat 
treatment. However, the impact of the heat treatment on the nutritional quality of the 
broccoli heads was not investigated.  
 
However, high temperatures affect the stability of glucosinolates in broccoli with 
freezing and storage at 4 °C showing the best results for maintaining the level of 
secondary metabolites in harvested broccoli (Rodrigues and Rosa, 1999). The 
freezing step is currently an established commercial procedure in the processing of 
broccoli (Farrow et al., 1969). As a result, incorporating a heating step in the 
commercial processing of broccoli might not be one that would be very attractive to 
commercial growers and wholesalers as it might pose a host of processing 
challenges as well as raise questions regarding the impact of the treatment on the 
nutritional quality of the broccoli. 
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5.3 Conclusions 
In this chapter, the effect of pulsed UV and conventional UV on the quality of broccoli 
heads was investigated. The impact on major quality parameters was investigated 
during a 5 to 7 day storage period. The best results were obtained for broccoli heads 
treated with conventional UV for 15 minutes and heads given 10 pulses using a 
pulsed UV source. 
The pulsed source elicited a peak in ascorbic acid production with the 10-pulsed 
treatment giving a higher peak than the 5-pulsed treatment-suggesting a dose-
response effect. Most importantly however, the UV treatment did not adversely affect 
the nutritional quality of the broccoli as shown by the results for measured 
antioxidant and total Phenolics content. 
Broccoli is harvested by pickers who placed the heads on a conveyer belt as (shown 
in figure 5.11 that is pulled along the field in a tractor. The tractor also pulls along a 
cab in which workers pack the broccoli ready for chilling - this is where pulsed UV 
treatment could best be incorporated. The use of pulsed sources would undoubtedly 
reduce the processing time of horticultural produce and would in addition require less 
space. However, further studies would need to be undertaken to determine whether 
the use of such sources would be commercially viable. 
The total dose delivered from the pulsed UV source would need to be determined 
using an energy meter as only the UV-C region was measured using the 
biodosimetry method and it is suspected that the other wavelengths in the pulsed 
light might have an effect on the treated produce.  
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Chapter 6  
6.0 Postharvest UV Treatment of Mangoes 
Mangoes are tropical fruits popular in many countries and are known to have a high 
nutritional value and sweet taste making it one of the most popular exotic fruits 
(Gonzalez-Aguilarr et al., 2001), with global production in 2000 to 2002 averaging 
3000 metric tonnes (FAO, 2002). 
 
A major hurdle to the mango trade is its short shelf life (Gonzalez-Aguilarr et al., 
2007a). Hence the fruits are harvested at the „mature green‟ stage, making 
transportation more efficient as the fruit are just ripening when they arrive at their 
destinations. However, this only adds a few days to the shelf life (Gonzalez-Aguilarr 
et al., 2001). Hence treatment which extends the shelf life of mangoes even by a few 
days would have a significant impact on the industry. 
 
One technique which has been investigated for treating mangoes is UV-C treatment. 
This treatment has been shown to elicit beneficial responses which include rot 
prevention, increased antioxidant capacity and maintenance of texture (Gonzalez-
Aguilarr et al., 2001; Gonzalez-Aguilarr et al., 2007a; Gonzalez-Aguilarr et al., 
2007b). However, scaling up the treatment for commercial use is yet to be reported 
as available techniques being used do not allow for this. In one of the studies 
reported earlier (Gonzalez-Aguilarr et al., 2007a), hundreds of mangoes were 
manually rotated by hand to expose the entire surface of the fruits to the UV source 
during treatment. This is clearly not amenable to scale up. 
 
The work presented in this chapter focuses on the impact of treating mangoes with 
either conventional – i.e. low intensity mercury vapour sources or high intensity 
pulsed UV light using methods which are amenable to scale up. The effect of the 
treatments on the nutritional and physical quality of the mangoes was also 
investigated.  The use of pulsed treatment could significantly shorten treatment times 
if similar effects as previously claimed for conventional UV treatment were elicited.  
This would provide information as to whether or not the hormetic effect is dependent 
upon the way by which the UV dose was administered (i.e. whether high dose/short 
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time is equivalent to low dose/long time). No previous studies have investigated this. 
Colour was not measured for mangoes as the high variation of mango colour would 
obscure any effect of treatment 
 
6.1 Materials and Methods 
6.1.1 Treatment of Mango with Low Intensity UV Sources 
Mangoes (var. Keitt) were obtained from a retail supplier (Thorold Ltd., 
Loughborough, UK). Simultaneous treatment of multiple fruits (15 to 20 mangoes 
depending on size) was done as described in section 2.3.1. The treatment was done 
for 15 minutes at an intensity of 1000 µW/cm2 using low intensity mercury vapour 
sources (2.3.1) and stored at 20 ± 3°C. No condensation was observed on any 
samples during storage within the specified temperature range. This temperature 
range was maintained at all times. Data obtained using this type of source is referred 
to as „conventional treatment‟ in the figures presented in this Chapter. The total dose 
delivered was calculated as discussed in chapter 3 and determined to be 689 J 
(based on the average of 5 mangoes which was 640.6 cm2). All measurements were 
conducted using duplicates fruits per day. 
 
 6.1.2 Treatment of Mango with a Pulsed UV Source 
Pulsed UV treatment was done as described in section 2.3.3. The treatments of 10 
and 20 pulses were arrived at after exposing the fruits to 1, 3, 5, 10 and 15 and 20 
pulses and visually evaluating the effects of treatment. For the 20-pulsed treatment, 
10 pulses were delivered and the fruit was then rotated through 180° and the 
remaining 10 pulses delivered. 
 
6.1.3 Texture Measurement 
The texture measurement was done using a TA.XT Digital Texture Analyser as 
described in section 2.1.5. The equipment was set in the penetration mode the 
maximum force in g required to reach bio-yield point by a 4 mm penetration of the 
fruit was recorded and monitored over 5 days using. Measurement was made at 10 
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points on each fruit and averaged. The set up is shown in figure 6.1 below. The skin 
was not removed from the fruit before carrying out texture measurements 
 
 
 
Figure 6.1: Mango texture measurement 
 
6.2 Results and Discussion 
The texture of mangoes treated predicted the degree of senescence of the fruit more 
accurately in this work than the colour. This was because of the large variation in the 
colour of individual fruits. As seen from figure 6.2 below, the texture of the fruit given 
the treatment of 20 pulses (156 J) was statistically significantly (p < 0.05) firmer by 
Day 4 as compared to the fruit given the treatment of 10 pulses, conventional 
treatment (689 J) and to the control fruits. This suggests that the 20-pulsed treatment 
caused a significant delay in the onset of senescence in the fruit.  
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Figure 6.2: Effect of UV treatment on texture of mangoes 
 
By Day 6, the difference in texture between groups was no longer statistically 
significant. The results of Gonzalez-Aguilar, et al., (2001) also agree with the findings 
reported above, where it was claimed that mangoes given a 10 minute UV-C 
treatment had a firmer texture than untreated fruit showing that the UV treatment 
gave rise to a lag in the onset of senescence. However, these workers did not 
actually quote values obtained for texture over the observation period and it was not 
therefore possible to make direct comparisons with the values obtained here.  
 
Comparing with the results from this research, the 10 minute treatment utilised by 
Gonzalez-Aguilar, et al., (2001) is about equivalent to the conventional (15 minute) 
treatment used.  As has already been observed previously, from a process point of 
view the 10 or 15 minute treatment would add significantly to the postharvest 
processing the fruit. This makes the use of pulsed treatment attractive, as a similar 
beneficial hormetic effect could be achieved within a shorter time for the 
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conventional method of treatment. However, a direct comparison of the conventional 
and pulsed UV treatments was not done as the pulsed light contained other 
wavelengths apart from the UV-C region which was measured. These other regions 
such as UV-A, UV-B and white light may themselves bring about metabolic changes 
in treated fruit (Oms-Oliu, 2010). Hence it would be necessary to determine the total 
dose delivered by the pulsed source. A possible way of doing this was discussed in 
chapter 4.  
 
  The ascorbic acid content of the fruits was also monitored as described earlier. The 
results as shown in figure 6.3 below.  
 
 
 
Figure 6.3: Effect of UV treatment on the ascorbic acid content of mangoes 
 
The findings reveal that all the treated fruit show a significant (p < 0.05) spike in the 
concentration of vitamin C by Day 6. This increase in the concentration of vitamin C 
provides evidence that the fruit was responding to the imposed stress (i.e. UV 
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treatment) by the production of ascorbic acid which is an antioxidant usually 
produced in response to oxidative stress. Gonzalez-Aguilar, et al., (2007b) however 
reported a decline in the level of ascorbic acid in fresh cut UV treated mangoes 
during storage, and suggested that this could be due to the stress causing the fruit to 
shift from producing ascorbic acid to producing UV absorbing agents as an 
immediate response. These workers also pointed out that after the „initial defensive 
shift‟, the fruit began to produce ascorbic acid to protect from oxidation.  
 
The results from figure 6.3 show that the response to the UV treatment was dose 
dependent with both the 20-pulse and conventional treatment resulting in a 
statistically significant higher level of ascorbic acid than than either the 10-pulse 
treatment or controls. Therefore, it is possible that the treatment used by Gonzalez-
Aguilar, et al., (2007b) was too low to give rise to the protective response from 
oxidative stress.  
 
The results obtained for the antioxidant capacity and total phenolic content of the 
fruits reveal that the UV treatment did not have any adverse effect on the nutritional 
quality of the fruits as measured by these parameters. The effect of the treatment on 
the antioxidant capacity of the mangoes is shown in figure 6.4. 
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Figure 6.4: Effect of UV treatment on the antioxidant capacity of mangoes 
 
In this study, there was an initial increase in the antioxidant content of the fruits until 
Day 3 followed by a gradual decline until Day 8 as shown in figure 6.4. It is likely that 
the storage temperature of 5°C contributed markedly to the prolonged increase in the 
phenolics value reported by Gonzalez-Aguilar, et al., (2007b).  
 
In this study, the total phenolic content was observed to reduce gradually throughout 
the storage period in both treated and untreated groups, but faster in the control as 
shown in figure 6.5. An increase in the total phenolics content of the treated fruits 
was however observed as a result of the UV treatment (Gonzalez-Aguilar, et al., 
2007a; 2007b). A direct comparison between the study of Gonzalez-Aguilar, et al., 
2007a; 2007b  and  this work is however, difficult to make as it is suspected that the 
fruits were in varying stages of ripening.  
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Figure 6.5: Effect of UV treatment on the total phenolics content of mangoes 
 
A possible solution would be to carry out pre-senescence UV treatments as the 
response of the fruit to stress would be more pronounced (Prusky and Keen, 1993). 
This is a major consideration as the postharvest treatment of the fruit supplied by the 
wholesalers in this study was uncertain, and senescence is likely to have reached 
advanced stages before the treatments could be carried out.  
 
The use of UV treatment on a commercial scale provides a significant challenge as 
the fruits are imported from tropical regions into the UK. As mentioned earlier, 
mango production and trade is affected by the short shelf life of the fruit. However, 
the mango trade is also greatly hampered by infestation by fruit flies. Methyl bromide 
until recently was the most widely utilised quarantine treatment chemical for 
protecting fruits and vegetables against insect infestation. However, due to rising 
concerns from consumers and protection agencies about its use, it has since been 
banned in most developed countries and in developing countries by 2015 (Mitcham, 
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2005). This problem was also widely treated by hot-dips until recently when it was 
discovered that the hot-dips in water led to internalisation of pathogens which 
caused numerous cases of food poisoning worldwide (Bordini et al., 2007). Hence 
many countries now have a quarantine system for treating infected fruits with gamma 
radiation to kill the fruit fly larvae the implication of this is the use of photo-treatment 
is not alien to the mango industry (Hallman and Loaharanu, 2002).  
 
As a result, an alternative of ionising irradiation has been used since 1995 on a 
commercial scale for a quarantine treatment of fruits (Hallman and Loaharanu, 
2002). This technique is currently utilised to ensure that larvae of fruit flies on the 
fruits are completely eradicated before the mangoes are allowed into importing 
countries. Considering the effect of UV-C on larvae (Faruki et al., 2007) where the 
treatment was effective against development of the eggs, it is very possible that the 
use of ionising radiation could be replaced with UV-C treatment in the quarantine 
stage which would also serve as the hormetic treatment of the fruits. This suggests 
the pulsed UV treatment step could be introduced at a point during export/import of 
the produce to replace the current use of infrared radiation for killing fruit fly larvae. 
Further investigation into the feasibility of this will be required. 
 
6.3 Conclusions 
Conventional and pulsed UV treatment of mangoes was carried out. The effect of the 
high intensity pulsed treatment was comparable to the conventional low intensity 
long-time treatment. This suggests that the pulsed treatment could be used on a 
commercial scale without compromising processing times already being worked with. 
The pulsed UV treatment gave rise to a significant lag in softening of the mango fruit 
with both treatments (conventional and pulsed) gave rise to an increase in the levels 
of vitamin C. 
The results also reveal that the treatment did not adversely affect the other nutritional 
quality parameters monitored. However, the effect of preharvest UV treatment as 
well as treatment of fruit as close as possible to harvest will be a very worthwhile 
investigation to carry out.  
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As for a commercial application of this technique, it is noted that the use of infrared 
radiation to kill fruit fly larvae in mangoes on an industrial scale during the 
import/export stage of marketing could readily be replaced with a UV treatment stage 
which has already been shown to have a similar effect of killing the fruit fly larvae as 
well as serving as hormetic treatment for the fruits. 
The use of pulsed sources would undoubtedly reduce the processing time of 
horticultural produce and would in addition require less space. However, further 
studies would need to be undertaken to determine whether the use of such sources 
would be commercially viable. 
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Chapter 7  
7.0 Preharvest Treatment of Tomatoes 
7.1 Introduction 
The importance of tomato as a horticultural crop was discussed in chapter four. It 
was also pointed out that whilst a number of studies had confirmed the advantages 
of hermetic UV treatment at the laboratory scale, relatively few considerations of 
scaling-up, or commercialising, of this form of treatment had been published 
(Shama, 2007; Charles et al., 2008). The timing of the application of the UV 
treatment is critical to obtaining a maximum beneficial effect with green fruit being 
reported to have the highest production of phytoalexins upon challenge with a 
hormetic UV dose (Liu et al., 1993). Hence the use of tomatoes at the mature green 
stage (pre-senescence) in the majority of published studies (Charles et al., 2008a; 
2008b; 2008c; Jagadeesh et al., 2009). 
 
The work described in this chapter takes a novel approach to the delivery of UV 
treatment by investigating the treatment of fruit whilst still on the plant – that is 
preharvest.  The UV was delivered using the specially designed unit described in 
2.3.2.  
 
This work was specifically carried out to determine if a preharvest treatment of 
tomatoes on a commercial scale was possible and whether this would give rise to a 
beneficial effect as documented for laboratory scale postharvest treatments reported. 
In addition, studies were conducted to determine whether UV treatment gave rise to 
a systemic or localised effect in the plants treated.  Following treatment samples of 
fruit were deliberately inoculated with spores of phytogenic mould spores to establish 
whether as a result of treatment compounds were formed which were inhibitory to 
the growth of moulds. 
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7.2 Materials and Methods 
7.2.1 Preharvest UV Treatment (Tomato) 
An attempt was made to grow tomatoes from seed at The University of Nottingham 
greenhouses which are located close by in Sutton Bonington so that measurements 
on fruit could be made immediately after treatment. However, the fruit obtained were 
rather heterogeneous and in particular not at the same stage of maturity when 
required. This was possibly due to difficulties in maintaining temperature and CO2 
levels within the greenhouses.  
 
Preharvest UV treatment of tomato (var. Mecano) was therefore carried out at the 
premises of VHB Humber Ltd., in Brough near Hull. The treatment used is described 
in section 2.3.2 and was delivered with a low pressure mercury UV source. The 
treatment used was delivered at two doses (3 and 8 kJ/m2). The summary of the 
treatments carried out are shown in table 7.1 below. Treated fruit were left on the 
vine for 8 hours following exposure to UV then transported back to the laboratory for 
measurements. The total delay between treatment and measurement of the 
properties of the fruit was therefore approximately 12 hours.    
 
For investigating any systemic effects of the treatment, trusses on treated plants 
which were not directly exposed to the UV were also monitored. To ensure that 
these fruits were not exposed to any stray UV, the trusses were covered with plastic 
bags during the treatment.  
 
 
 
 
 
 
 
 
 
 
120 
 
Treatment 
Ripe fruit picked without UV treatment  
Ripe fruit  monitored on vine without UV treatment 
Ripe fruit picked after 8 hours following the delivery of a low UV dose of 
3 kJ/m2  
Trusses adjacent to, and on the same plant as, those treated with a low 
UV dose (3 kJ/m2) but covered to prevent direct exposure to UV. These 
fruit were „mature green‟ 
Ripe fruit picked after 8 hours following the delivery of a high dose of 8 
kJ/m2  
 Trusses adjacent to, and on the same plant as, those treated with a 
high UV dose (3 kJ/m2) but covered to prevent direct exposure to UV. 
These fruit were „mature green‟ 
Ripe fruit monitored on the vine following the delivery of a low UV dose 
of 3 kJ/m2  
Ripe fruit monitored on the vine following the delivery of a high UV dose 
of 8 kJ/m2  
Mature green fruit monitored on the vine without UV treatment  
Mature green fruit monitored on the vine following the delivery of a low 
UV dose of 3 kJ/m2  
Mature green fruit monitored on the vine following the delivery of a high 
UV dose of 8 kJ/m2  
 
Table 7.1: Summary of tomato preharvest treatments carried out 
 
7.2.2 Colour and Texture Measurement 
Fruit colour was measured on the vine before treatment and afterwards monitored as 
described in section 2.1.4. The texture measurements were made for picked fruits as 
described in section 2.1.5. Tomato fruit used were „bilocular‟ i.e. they had two 
compartments (Figure 7.1) Compressing the fruit at the poles and the equator would 
therefore result in different responses. 
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Figure 7.1: Cross-section of tomato showing its bilocular compartments 
 
7.2.3 Preparation of Fungal Spores and Inoculation 
Spores of Penicillium digitatum (CBS 101026) and Colletotrichum gloeosporioides 
(CBS 862.70) were prepared as described in section 2.2.2 and the fruits inoculated 
as described in section 2.2.3. Though these fungi have been reported as 
phytopathogens for some fruits, they are utilised as bio-indicators in this work 
selected based on degree of inhibition in treated fruit as observed in preliminary 
studies.  
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7.3 Results and Discussion 
The colour of fruit measured on the vine was carried out on 5 fruit for each treatment 
group. The results are shown in figure 7.2 for picked red fruit.  
 
 
 
Figure 7.2: Effect of preharvest uv treatment on colour of picked red tomatoes 
 
 
This figure shows that both UV treatments gave rise to a dose response lag in colour 
development with the higher dose eliciting a longer delay in the development of 
colour, as compared to the low dose and control group. The effect seemed to follow 
a dose-response trend. 
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This was the phenomenon observed when the mature picked tomatoes were UV 
treated as reported by Maharaj et al (1999). The importance of colour development 
of tomatoes cannot be over emphasised as this has been correlated to the 
accumulation of carotenoids and is also a visible marker for the onset of senescence 
in the fruit (Arias et al, 2000). Senescence makes fruit more susceptible to attack by 
phytopathogen as a result of the reduction in the phytoalexins levels which have 
been shown to decline as the fruit matures. Similarly, the activity of the cell wall 
degrading enzyme polygalacturonase cannot be detected in green tomatoes but 
begins to show activity as the fruit ripens and softens (Tucker and Grierson, 1982; 
Prusky and Keen, 1993).  
 
It is likely that fruit which had been treated with UV would respond to the externally 
applied stress by an increased production of phytoalexins which coupled with the 
delayed onset of polygalacturonase production and softening would 
make the fruit less susceptible to physical damage and infection by cell wall 
degrading phytopathogens. 
 
As can be seen from figure 7.3, the same phenomenon of lag in formation of colour 
which was observed for ripe fruits treated on the vine was also observed for mature 
green fruit treated and monitored on the vine. 
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Figure 7.3: Effect of preharvest uv treatment on colour of mature green tomatoes 
 
 
In this case however, the effect was more pronounced with both UV treatments (low 
and high) giving rise to a comparable lag in the development of colour, however, the 
treated fruit continued to ripen slowly. 
 
 This shows that the UV treatment given does not impede the development of the 
fruits as this would completely rule out the possibility of a commercial application of 
preharvest UV treatment. 
 
As the concentration of phytoalexins has been shown to reduce with ripening 
(Prusky and Keen, 1993), it is likely that in addition the phytoalexin level in the 
treated green fruit and initiation of polygalacturonase production will be delayed for 
longer (Liu et al., 1993). This effect observed for preharvest treatment is comparable 
to that observed for postharvest treatment of mature green tomatoes both in this 
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study and that conducted by other researchers (Maharaj et al., 1999; Stevens et al., 
2004; Charles et al., 2005; Charles et al., 2008a; 2008b; 2008c; Jagadeesh et al., 
2009).  
 
Mature green fruit on the vine that were not directly exposed to UV were also 
monitored for colour change. The results are presented in figure 7.4 below.  
 
 
 
Figure 7.4: Effect of preharvest UV treatment on colour of mature green tomatoes not directly 
exposed to UV (monitored on the vine) 
 
 
The results reveal the same trend observed with the mature green tomatoes directly 
exposed to the UV treatment. In all cases, the UV treatment did not have any 
deleterious effect on the foliage of the tomato plants as shown in figure 7.5. It is 
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particularly interesting to note that fruit which were not directly exposed to UV during 
the treatment of plants show a similar lag in colour development observed earlier. 
The higher dose gave a more pronounced lag in the colour development than the 
lower treatment. This suggests that the hormetic response observed in the treated 
fruit is a systemic acquired resistance in the treated plant as a whole.  
 
This is not a new phenomenon, as plants have been known to show a systemic 
acquired resistance which is similar to immunisation in animals (Sticher et al., 1997). 
Systemic acquired resistance in plant has been shown for external activities such as 
attack of plants by herbivores. The activities of the compounds produced by the 
plants in response to the external stress have been isolated by studying the 
response of mutants which do not show systemic acquired resistance as has been 
shown for tomato mutants. Studies show that tomato responds to wounding (e.g. 
herbivore attack) by producing the chemical jasmonic acid which can be located in 
tissues isolated from the area of attack, as it is carried through the vascular system 
of the plant (Sticher et al., 1997; Schilmiller and Howe, 2005).  
 
A similar response has been shown for UV-B treatment of plants (Jansen et al., 
1998). Where it was shown that exposure to UV-B induces DNA damage and 
biomass loss in some plants. The response of different plants to the effect of the 
irradiation depends on a balance between the stress, a repair mechanism and 
accumulation of secondary metabolites which in turn affect a range of other 
physiological functions (Jansen et al., 1998). Results obtained by Morales et al., 
(2010) agree with the above where it was shown that UV-A and UV-B treatment of 
whole plants (Betula pendula) correlates strongly with the accumulation of secondary 
metabolites in the leaves of the plant. The effect of the treatment on senescence was 
however not shown. 
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Figure 7.5: Image taken 7 days after preharvest UV treatment showing no damage to foliage 
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This holds great potential benefit for commercial growers as delicate fruit can be 
treated with minimal handling to obtain the same beneficial hormetic response as 
seen for postharvest treatment.  
 
The texture of ripe tomatoes treated on the vine and picked after 8 hours was 
measured. Figure 7.6 shows the results obtained for polar measurements for three 
fruits for each group. 
 
 
 
Figure 7.6: Effect of preharvest UV treatment on texture (polar) of picked tomatoes 
 
 
The tomatoes given the high dose (8 kJ/m2) show a longer retention of texture (p < 
0.05). Comparable results were obtained when the equatorial texture measurement 
were made as shown in figure 7.7 below. It is evident that some textural changes 
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occurred in the interval between application of the UV treatment and measurement 
of the texture in the laboratory. 
  
 
 
Figure 7.7: Effect of preharvest UV Treatment on texture (equatorial) of picked tomatoes 
 
 
The results show a strong correlation with the results obtained for postharvest 
treatment in this work as well as in other studies. The green colour implies the 
texture of the treated ripe fruit (high dose) would remain firmer than that of untreated 
fruit due to the delayed production of polygalacturonase. The texture of the tomatoes 
given the low dose however did not show a significant difference from the control 
group. This was observed for texture measurements at both the polar as well as 
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equatorial points. Postharvest UV-C treatment has also been shown to retain 
firmness in tomatoes (Maharaj et al., 1999). 
Figures 7.8 and 7.9 below show measurements for both polar and equatorial points 
for fruits inoculated with P. digitatum.  
 
 
 
Figure 7.8: Effect of preharvest UV treatment on texture (polar) of picked tomatoes inoculated 
with P. digitatum 
 
 
Fruit inoculated with Penicillium and stored at 20°C and monitored showed the same 
trend as observed for uninoculated fruit (figures 7.6 and 7.7). This suggests that the 
treatment gave rise to a hormetic response in the inoculated fruit, with the higher 
dose (8 kJ/m2) giving rise to a longer retention of texture. The results for the polar 
measurements are shown in figure 7.8. The results for the equatorial measurements 
are shown in figure 7.9 below. As can be seen from the figure, the trend is the same 
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as observed for the polar measurements with the low UV dose giving rise to a firmer 
texture than the control and the higher dose giving rise to a more pronounced 
retention of texture. 
 
 
 
Figure 7.9: Effect of Preharvest UV Treatment on texture (equatorial) of picked tomatoes 
inoculated with P. digitatum 
 
 
For the preharvest treated fruits which were picked after 8 hours and inoculated with 
Colletotrichum gloeosporioides, the polar measurements did not reveal a statistically 
significant difference during the monitoring. As at the poles the fruit are firmer and 
the effect of the treatment was not as pronounced as can be seen in figure 7.10. 
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Figure 7.10: Effect of preharvest UV treatment on texture (polar) of picked tomatoes inoculated 
with C. gloeosporioides 
 
 
For equatorial measurements however, it was observed that the UV treatment (both 
doses) gave rise to a longer retention in texture as was observed for the 
uninoculated tomatoes as well as the fruit inoculated with Penicillium digitatum the 
trend for the storage period is shown in figure 7.11. 
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Figure 7.11: Effect of Preharvest UV treatment on texture (equatorial) of picked tomatoes 
inoculated with C. gloeosporioides 
 
 
The results obtained here are indicative that the activity of cell wall degrading 
enzymes of the fungi was retarded as indicated by the firmer texture of the treated 
fruit after 12 days. This also showed a dose-response for the fruit inoculated with P. 
digitatum, where the tomatoes given the high dose showed a firmer texture than 
those given the low dose which in turn were firmer than the control group after 12 
days. This UV induced resistance to inoculated fungi was also reported by Charles et 
al., (2008) who inoculated postharvest UV treated tomatoes with B. cinerea and 
documented that this resistance correlated to the accumulation of the phytoalexin 
rishitin. It was however noted that even when the levels of the induced 
phytochemical began to abate the UV induced resistance was still observable 
suggesting the fruit was protected from cell wall degrading enzymes by more than 
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one induced mechanism. The effect of the UV treatment is more markedly 
pronounced in tomatoes inoculated with P. digitatum than in those inoculated with C. 
gloeosporioides. This could be as a result of the tomatoes having a preformed 
phytochemical resistance against C. gloeosporioides 
 
The lesion diameter was measured for inoculated fruit on each day and the results 
are shown in figures 7.12 and 7.13 for P.digitatum and C. gloeosporioides 
respectively. 
 
 
 
Figure 7.12: Effect of preharvest UV treatment on lesion diameter of picked tomatoes 
inoculated with P. digitatum 
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The fruit treated with the high dose showed the greatest retardation of lesion 
development followed by the fruit giving the low dose, while the control group did not 
show any resistance to the spread of the lesion.  
 
 
Figure 7.13: Effect of Preharvest UV treatment on lesion diameter of picked tomatoes 
inoculated with C. gloeosporioides 
 
 
This suggests that the UV treatment gave rise to the increased production of 
phytoalexins which protect the fruit by fungal invasion and shows strong agreement 
with the trends observed from the results obtained for colour and texture. 
 
These results obtained for the preharvest UV treatment followed the trend observed 
for postharvest treatment conducted both here and also by other researchers. 
However, the results also show that the beneficial response observed in fruit treated 
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on the vine was not a localised response, but a systemic one which was also seen in 
fruit that were not exposed during the UV treatment. This suggests that the treatment 
was feasible using the preharvest equipment designed. 
The preharvest UV treatment equipment was designed to run between rows of 
tomato plants. These are fairly standard for greenhouses in the UK. However, 
modifications still remain to be done to the equipment to make it a fully automated 
robotic device. This would remove the disadvantage of manually moving the device 
along plant rows to deliver treatment to each truss as this would be impracticable in 
large commercial greenhouses. Also, the conventional UV source could be replaced 
with a pulsed UV source as this would significantly reduce the treatment time (from 
6-7 minutes) to only a few seconds. 
 
A similar concept has been described by Michaloski (1991) which was intended for 
the on-field treatment of grapes which had been infested with mildew. This invention 
consisted of a carriage row of UV-C sources which were fitted vertically for irradiating 
infected plants as shown in figure 7.14 below. 
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Figure 7.14: Mildew treating equipment (Michaloski, 1991) 
 
Further work would need to be carried out to determine the optimum dose of UV-C 
delivered to each truss as this would be an essential parameter for any subsequent 
scaling up.  
 
7.4 Conclusions 
The effect of preharvest UV treatment of tomato was studied. Very encouraging 
results were obtained which showed that the UV treatment gave rise to a lag in 
colour development which positively correlates with results obtained by both other 
researchers and also obtained here for postharvest treatment. The colour lag has 
been shown in other studies to correlate closely to retardation in the production of 
polygalacturonase which has been identified as one of the chief cell wall degrading 
enzymes in ripening tomatoes (Tucker and Grierson, 1982). Similarly, the UV treated 
fruit had a firmer texture than the control fruits throughout the storage period.  Some 
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of the changes to texture may have taken place in the interval immediately following 
treatment and measurement of texture and for this reason it would be important to 
repeat these experiments under conditions that could enable such changes to be 
monitored. Tests carried out using treated and untreated fruits which were picked 
from the vine and inoculated with P. digitatum and C. gloeosporioides reveal that 
there was a significant inhibition of the development of the fungi in the treated fruit as 
shown by the texture and lesion diameter measurements conducted during the 
storage period. 
The results obtained suggest that the beneficial response shown by the preharvest 
treatment is not a localised one but a systematically induced resistance observable 
throughout the treated plant. This was shown by monitoring fruit on treated plants 
which themselves where not directly exposed to the UV light. This is a technique 
which could be applied industrially as shown by the fact that the trials were done on 
an industrial scale at the facility of an industrial grower (VHB Humber). 
It is also important to reiterate that the preharvest treatment did not give rise to any 
apparent deleterious effects in the fruits and plant foliage. With adjustments, the 
preharvest treatment equipment would be amenable to use commercially.  
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Chapter 8  
8.0 Pre-harvest Treatment of Strawberries  
8.1 Introduction 
Strawberries are popular in many countries with global production estimated to be 
about 3.5 million metric tonnes in 2005 (FAO, 2006). In addition, much effort has 
been put into breeding cultivars that would grow in different climates - signifying an 
increasing demand for the product. (Hancock, et al., 1991). 
 
The susceptibility of strawberries to physical damage severely constrains both post 
and preharvest treatments that can be applied in order to increase the shelf life of 
this fruit (Pombo et al., 2009). In commercial environments, the fruits are hand-
picked directly into punnets and packaged for transport without any further treatment.  
 
There is therefore a need to develop an efficient non-chemical method for treating 
strawberries, and many workers in this field have studied the use of UV in great 
detail both in decontaminating the surface of strawberries and in the elicitation of 
beneficial hormetic effects within the fruit (Baka et al., 1999; Ippolito et al., 2000; 
Pombo et al., 2009). The fruit used in these experiments were described in terms of 
fraction of surface area which had turned red (Pombo et al., 2009). This treatment 
method might be difficult to replicate on a large scale. 
 
The work described in this chapter takes a novel approach to the delivery of UV 
treatment by investigating the treatment of fruit whilst still on the plant – that is 
preharvest.  The UV was delivered using the specially designed unit described in 
2.3.2. This work was specifically carried out to determine if a preharvest treatment of 
strawberries on a commercial scale was possible and whether this would give rise to 
a beneficial effect as had previously been documented for laboratory scale 
postharvest treatments (Baka et al., 1999; Ippolito et al., 2000; Pombo et al., 2009). 
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8.2 Materials and Methods 
8.2.1 Fruit Treatment 
Preharvest UV treatment of strawberry (var. Elsanta) was carried out at the premises 
of VHB Humber Ltd., in Brough near Hull. The treatment was delivered using a 
specially designed piece of equipment which comprised two low pressure sources 
and is fully described in section 2.3.2. The treatment used was delivered at two 
doses- 3 and 8 kJ/m2. A summary of the treatments carried out are shown in table 
8.1 below. Treated ripe fruit were picked after 8 hours and the „mature white‟ fruit 
were monitored on the vine. 
 
Treatment 
Ripe fruit were picked for monitoring while „mature white‟ fruit were monitored on 
the vine both without UV treatment  
Ripe fruit picked after 8 hours and „mature white‟ fruits were monitored on the 
vine following the delivery of a low UV dose of 3 kJ/m2 
Ripe fruit picked after 8 hours and „mature white‟ fruits were monitored on the 
vine following the delivery of a high UV dose of 8 kJ/m2 
 
Table 8.1: Summary of preharvest UV treatments carried out with strawberry 
 
8.2.2 Colour Measurement 
The colour of the picked fruit and those on the vine was measured using a Minolta 
Chroma meter (CR-200) set in the l*a*b* mode after the instrument had been 
calibrated for use and the l*a*b* readings collected described in section 2.1.4. The 
results were then converted to colour using the equation 11 below. 
 
         
  
  
)                            (11) 
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8.3 Results and Discussion 
The results of the colour measurements made on picked fruits were plotted against 
time (Days) and are shown below in figure 8.1: 
 
 
 
Figure 8.1: Effect of preharvest UV treatment on colour of picked strawberries 
 
The results obtained as shown in figure 8.1 show that the high dose gave a more 
pronounced effect on the fruit, with the fruits becoming significantly redder (p < 0.05) 
than the fruits given the low dose as well as the control set. This fruits responded to 
UV treatment by producing excess anthocyanins, which is chiefly responsible for the 
red colour of strawberry, and which are the main antioxidants in strawberry (Aaby et 
al., 2005). These findings agree with those of Landry et al., (1995) who showed that 
plants view UV as an oxidative stress and compensate for the stress by producing 
UV screening compounds for protection. This response as noticed in the treated 
strawberries tends to follow a dose response trend as the lower dose does not give a 
statistically significant response from the fruit as compared with the control set. This 
could have significant nutritional benefit.  
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Comparing this result to that obtained for tomatoes, retarding the development of red 
colouration for tomatoes is a positive result because this is a measure of the level of 
cell wall degrading enzymes in the fruit. Considering that tomatoes are usually 
expected to last a few days after purchasing (from the „best by‟ dates on packaging), 
this is expected to have a significant effect from a commercial point of view- as UV 
treatment will extend the shelf life of the fruits. 
On the other hand however, the strawberries are usually consumed within one/ two 
days of purchasing- as judged by the „best by‟ dates on packaging. Therefore, a 
significant reddening of UV treated fruit even if not accompanied by retardation of 
cell wall degradation will be considered a positive result. This is so because as 
stated earlier, the red colour of strawberries is as a result of accumulation of 
anthocyanins- which are known to have nutritional benefits. Hence if the shelf life is 
not extended, but the nutritional quality improved, this result will be significant. 
 
The results of the colour measurements monitored for fruits on the vine were plotted 
against time (Days) and are shown below in figure 8.2. The results show that the UV 
treatments do not follow the same trend as obtained for the ripe fruit monitored off 
the vine.  
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Figure 8.2: Effect of preharvest UV treatment on colour of strawberries monitored on the vine 
 
The trend here shows a lag in colour development for both treated groups as 
compared with the control set showing a delay in senescence as a result of the UV 
treatment. However, after three days the colour began to develop rapidly in the fruits 
given the high UV dose and by day four there was no statistically significant 
difference between the fruit given the high dose and the control set, while colour 
development in the fruits given the low dose remained significantly lagged (p < 0.05).  
 
It was observed that the UV treatment at both levels gave rise to a lag in senescence 
which was shown by a reduced respiration rate in the treated fruit with the high dose 
giving a lower respiration rate than the low dose and the control set. However, these 
workers also observed that the low dose gave rise to a lower electrical conductivity 
as compared to the high dose. This is particularly significant as the conductivity gives 
a measure of membrane leakage, which correlates directly with the senescence of 
the fruit. The explanation given was that the high dose led to fruit damage and 
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therefore a higher electrical conductivity, compared with the fruits given the lower UV 
dose.  
 
The preharvest UV treatment did not have any deleterious effect on neither the 
foliage of the strawberry plants nor the fruits as shown in figure 8.3. The image was 
taken 7 days after a treatment of 8 kJ/m2.  
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Figure 8.3: Foliage 7 days after the delivery of a UV dose of 8 kJ/m
2
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As this observation was not seen with the ripe fruits, it is possible that the effect 
would be linked with the achenes (seeds) on the fruit at the white stage of ripening 
as the achenes have been shown to moderate ripening in strawberries (Given et al., 
1988). More investigation is however required to determine the factors that affect the 
response of strawberries to different levels of UV treatment. 
 
Other methods of extending the shelf life of strawberries have been employed. 
Larsen and Watkins (1995) utilised modified atmosphere packaging (10 % CO2 and 
2 % O2) to extend the shelf life of strawberries-10% CO2 acts as a natural fungicide. 
Although the packaging led to texture retention for the period of the storage, the 
appearance of the fruit were significantly affected and off flavours developed after 7 
days of storage. Also, Garcia et al (1995) used a hot dip treatment (45 °C) to extend 
strawberry shelf life. The treatment gave rise to an overall improvement of the 
appearance of the treated fruits, however, the colour of the fruit degraded rapidly. 
 
The UV treatment reported in the literature was conducted on fruit without even 
manually rotating the fruit to ensure that the entire surface was exposed to UV 
(Barka et al., 1999; Pombo et al., 2009). This suggests that these researchers were 
aware that even minimal handling could result in damage. No such precautions were 
necessary for either mangoes or tomatoes (Charles et al., 2008a; 2008b, 2008c; 
Gonzalez-Aguilarr et al., 2007a; 2007b) where the fruits were routinely rotated by 
hand to obtain a uniform delivery of the UV treatment. Pombo et al, (2009) treated 
180 strawberry fruits with UV without rotation by placing them in trays and exposing 
them to the UV. This method of treatment could conceivably be scaled up for 
commercial application, however it implies that UV dose may be delivered entirely at 
the stem end of the fruit. That this could be done was established by Stevens et al., 
(2005) for peaches, apples and tangerines but not for strawberries.  
 
Preliminary studies were also carried out to determine the possibility of postharvest 
treatment of strawberries on padded mechanical rollers. It was observed that the fruit 
were damaged as a result of the rotation meaning that the method was not 
practicable for treating strawberries hence the need to carry out preharvest UV 
treatment. 
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8.4  Conclusions 
The preharvest UV treatment of strawberries was studied. The principal finding of the 
preharvest treatment was that the 3 and 8 kJ/m2 treatments had significantly different 
effects, with the 3 kJ/m2 treatment giving rise to a lag in the development of red 
colour in both picked fruits and those monitored on the vine. On the other hand, the 8 
kJ/m2 treatment caused both picked and vine fruits to redden at a faster rate. Neither 
treatment gave rise to visible damage to the fruits or the plants. Since colour of 
strawberries has been shown to be strongly correlated to the anthocyanin content, 
this might have significant nutritional benefits (Aaby et al., 2005). 
 
However, the mechanisms for the effect of the two levels of treatment on 
strawberries at the mature white stage on the vine have not been studied. It was 
noticed in this as well as other investigations that the lower dose showed a longer 
lag in the onset of senescence than was observed for the higher dose. This 
phenomenon requires further investigation to determine the underlining principles of 
the observation. However, as was stated in the discussion in Chapter 7, 
modifications still remain to be made to the UV treatment device in order to make it 
fully automated as well as fitting it with a pulsed UV source to make treatment on a 
commercial scale more viable. 
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Chapter 9  
9.0 Conclusions and Recommendations for Further Work  
9.1 Conclusions 
Treatment with UV has been demonstrated for a number of horticultural products to 
have beneficial effects at the laboratory scale. These include retardation of 
senescence which has the potential of limiting food losses which is very significant 
as food shortages have become a major problem in the world today. UV treatment 
has also been shown to improve the nutritional value of treated produce shown by 
increased levels of beneficial compounds.  
 
However to date the technique has not been commercialised. One of the major 
issues preventing the commercial application of the technique is that of integrating 
UV treatment into the process of production of horticultural commodities as well as 
dose delivery. Delivering a dose that is too high will damage treated produce and 
one that is too low would not have any effect. It is therefore of upmost importance 
that a system for delivering a consistent dose without mechanical damage to the 
produce be designed. Tackling some of these issues that have prevented the 
commercialisation of UV treatment of horticultural produce has been one of the 
objectives of this work. 
 
Another issue that is of great importance to UV treatment of produce is the timing of 
the treatment. A number of studies have shown that for treatment to be effective, it 
should be carried out before senescence reaches an advanced stage. The effect of a 
preharvest UV treatment of produce has however not previously been considered by 
previous workers. Another objective of the study hence was to investigate the effects 
of a preharvest UV treatment of products on a commercial scale. 
 
9.1.1 Postharvest Treatment 
One possibility for treating horticultural produce is to do so post harvest and indeed 
in all the lab-based studies this is what has been done (apart from strawberries). It 
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has been assumed by some researchers that to elicit hormetic effects in treated 
produce, the entire surface of the horticultural commodities should be exposed to 
UV. There is however a small amount of evidence that refutes this. Hence further 
studies would be needed to confirm if the entire surface of produce would need to be 
exposed during treatment with UV other than those investigated by Stevens et al., 
(2005).  
 
In the majority of studies manual rotation of fruit and other commodities has been 
employed to achieve full surface exposure to UV. However this method is not 
amenable to scale up. Hence in this work, horticultural products were treated using 
mechanical rollers to expose to produce to the UV within a UV treatment cabinet. 
Whilst patents for this method of treating fruit have been granted (Brandt and 
Klebaum, 2000), no data on the effects of treatment by these methods has been 
published. The results obtained for treating tomatoes showed a lag in colour 
development while retention of texture was observed for both tomatoes and 
mangoes confirming the results observed by other workers using manual rotation of 
fruit. The treatment of broccoli gave rise to a delay in the loss of green colour which 
has also been observed elsewhere. Additionally, the nutritional quality (ascorbic acid 
content, total phenolic content and antioxidant capacity) of the treated produce was 
not adversely affected. It was however not possible to carry out postharvest 
treatment of strawberries using this method as the fruits were easily bruised due to 
their delicate nature.  
 
In order for a commercial application of this treatment method to be possible, the aim 
should be to incorporate the equipment used into existing packing lines with minimal 
disruption to utilised processing times and schedules should be the aim. The effect 
of high energy pulsed UV light on horticultural produce was also investigated to 
determine if a high energy/short time treatment of produce would give the same 
beneficial effect as a low energy/long time treatment. The results obtained showed 
that the pulsed UV treatment elicited similar responses as obtained with the low 
pressure amalgam sources. This implies that treatment times as well as scale of 
equipment could be significantly reduced. However, the total energy delivered by the 
pulsed source would need to be estimated as only the effect of the UV-C region of 
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the polychromatic light was determined in this work using biodosimetry. A 
commercially available energy meter could be utilised for this measurement.   
9.1.2 Determination of UV Dose Delivered to Produce 
For cases where produce would be treated with UV light without rotation the results 
obtained in this work show that biodosimetry based on bacterial spores was readily 
applicable and able to provide useful results. However, there was a serious limitation 
with the use of spore dosimeters during rotation as intermittent exposure of spores to 
UV light led to higher survival rates which has been shown to be as a result of DNA 
repair. There is therefore considerable scope for dose modelling coupled with the 
judicious use of spore-based biodosimetry.  
 
9.1.3 Preharvest Treatment 
Preharvest treatment of horticultural produce could become a very important 
treatment technique as some delicate products such as strawberries (already 
mentioned above) are easily damaged by even very low levels of handling.  
Preharvest treatment of tomato was carried out using UV treatment equipment 
designed specifically for this purpose. Results were obtained which showed that the 
UV treatment of tomato gave rise to a lag in colour development which is significant 
as green colour in tomato has been correlated to the retardation in the production of 
polygalacturonase (cell wall degrading enzyme). Texture retention was also 
observed as a result of the treatment which is in agreement with results obtained by 
both other researchers and also obtained here for postharvest treatment. Some of 
the changes to texture may have taken place in the interval immediately following 
treatment and measurement of texture, and for this reason it would be important to 
repeat these experiments under conditions that could enable such changes to be 
monitored. In addition, tests carried out using treated and untreated tomato fruits 
which were picked from the vine and inoculated with P. digitatum and C. 
gloeosporioides (which were used as bio-indicators) reveal that there was a 
significant inhibition of the development of the fungi in the treated fruit as shown by 
the texture and lesion diameter measurements conducted during the storage period. 
The results obtained also suggest that the beneficial response shown by the 
preharvest treatment is not a localised one but a systematically induced resistance 
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observable throughout the treated plant. This was shown by monitoring tomato fruits 
on treated plants which themselves where not directly exposed to the UV light. 
One of the findings to emerge from the preharvest treatment of strawberries was that 
3 and 8 kJ/m2 treatments had significantly different effects, with the 3 kJ/m2 
treatment giving rise to a lag in the development of red colour in both picked fruits 
and those monitored on the vine. On the other hand, the 8 kJ/m2 treatment caused 
both picked and vine fruits to redden at a faster rate. Neither treatment gave rise to 
visible damage to the fruits or the plants. Since colour of strawberries has been 
shown to be strongly correlated to the anthocyanin content, this might have 
significant nutritional benefits. However, an investigation into the mechanisms 
involved in the response of the fruit to the treatment is required. 
 
Preharvest is a technique which could be applied commercially as shown by the fact 
that the trials were done in commercial glasshouses. It is also important to reiterate 
that the preharvest treatment did not give rise to any apparent deleterious effects in 
the fruits and plant foliage for both tomato and strawberry. With adjustments, the 
preharvest treatment equipment would be amenable to use commercially.  
 
9.2 Recommendations for Further Work 
A direct comparison between low and high intensity sources was beyond the scope 
of this study. For pulsed high intensity sources, there is the issue of the Bunsen-
Roscoe law as the response of treated produce to fractionated doses of UV has not 
been shown and this needs to be systematically investigated as all the studies 
conducted on UV-hormesis in horticultural produce have been carried out using low 
intensity sources. This investigation could be carried out by comparing the effects of 
a continuous treatment (from a low intensity source) with an equivalent fractionated 
treatment (from a pulsed source) on measurable quality parameters of produce 
(tomatoes and broccoli). These parameters are colour, texture and nutritional quality 
(ascorbic acid, total phenolic and antioxidant content).  
 
There are cost implications in this study as although the pulsed sources are relatively 
compact, one unit costs about £15,000. On the other hand, low intensity sources are 
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much cheaper but a large number would be required to carry out a commercial scale 
treatment and this inevitably takes up space. Hence a study needs to be conducted 
to look at the economics of the alternatives. 
 
9.2.1 New Concepts in Commercialisation of UV Treatment of Produce (i) 
The broccoli heads used in this study were obtained from a produce wholesaler and 
the results obtained could be markedly affected as the stage of senescence of the 
produce was unknown. Hence treatment which is carried out immediately after the 
broccoli heads are harvested is expected to be more efficient and consistent. From 
industrial visits paid to commercial growers, it was observed that broccoli is 
harvested by pickers who placed the broccoli heads on a conveyer belt that is pulled 
along the field in a tractor. The tractor also pulls along a cab in which workers pack 
the broccoli ready for chilling - this is where pulsed UV treatment could best be 
incorporated. A pulsed UV source could be fitted to the end of the conveyor belt to 
deliver the UV treatment before the packing of the produce is done. The proposed 
arrangement is shown in figure 9.1 below. 
 
 
 
Figure 9.1: Broccoli harvesting equipment fitted with pulsed uv source (with plant view) 
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9.2.2 New Concepts in Commercialisation of UV Treatment of Produce (ii) 
Similarly to broccoli, the mangoes used in this work were also obtained from a 
commercial wholesaler, who in turn imported the fruit. The main problem associated 
with imported mangoes apart from the very short life span of the fruits is the fact that 
in most case the fruits are infested with fruit fly larvae. Ionising radiation has been 
used to kill the fruit fly larvae in a quarantine stage during the importation before the 
fruits are allowed past food control departments in most countries or in commercial 
growing facilities. Since UV-C is also capable of damaging DNA and has been 
shown to inactivate larvae, the use of ionising radiation in the quarantine could be 
replaced with a UV treatment step. Investigation would however need to be carried 
out to determine if high intensity pulsed light would damage fly larvae. The proposed 
design for a pre-senescence treatment of mangoes is shown in figure 9.2. 
 
 
 
Figure 9.2: Pulsed UV postharvest treatment equipment 
 
A similar system has been designed for commercial treatment of mushrooms. In a 
publication released by Xenon Corporation (2008), the system was used to 
investigate the effect of pulsed UV treatment of Portabella and White Whole 
mushrooms on the vitamin D content. The whitepaper emphasised the importance of 
minimising treatment times to a successful implementation of commercial application 
of the technology. The results obtained showed that the pulsed UV treatment gave 
rise to an increase in the vitamin D content of the mushrooms.  The commercial 
setup is shown in figure 9.3 below. 
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Figure 9.3: Commercial treatment of mushrooms with pulsed UV (Courtesy of Lambda 
Photometrics, UK ) 
 (a) RC-847 Controller (b) Mushrooms (c) Conveyor (d) Xenon Lamp Housing   (e) Xenon Blower 
 
This proposed pulsed equipment described could also be utilised for the postharvest 
treatment of a wide range of produce as carried out in this study. However, the 
produce would have to be in a single layer and the assumption would be that rotation 
is not required for the treatment to be effective. 
 
9.2.3      Preharvest Treatment of Produce 
The preharvest treatment of produce was carried out using UV equipment which was 
operated manually throughout the trials. It must however be stated that this would 
not be feasible considering the number of fruit to be treated on a daily basis. It is 
therefore imperative for the device to be automated. The use of robots in agriculture 
is widespread.  
 
These tasks range from weeding and spraying of chemicals to fruit picking. In any of 
these duties, the basic commands remain the same high precision mapping of the 
environment to enable the robot find its way around and be able to differentiate 
between items. Also, a neural network is incorporated to enable the robot to carry 
out the tasks required of it. 
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A pulsed UV treatment robot is described for automated preharvest treatment of 
produce. The robot will also be fitted with a camera and a processing unit as well as 
a spiral pulsed UV source. A conceptualised robotic system shown in figure 9.4 
below would be able to determine the location of fruit and deliver a pre-specified 
dose.  
 
 
 
Figure 9.4: Robotic preharvest treatment equipment 
 
These heating pipes (as shown in figure 9.5) which also served as rails for enabling 
access to the plants by workers for a number of cultivation-related activities such as 
de-leafing were found to be standard for all the tomato commercial growers visited. 
This confirms that the robotic treatment equipment could be used at other facilities 
apart from the commercial facility at which the main studies were carried out. 
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Figure 9.5: Heating pipes between rows of plants 
 
However, the strawberry greenhouses did not have heating pipes between the rows 
hence the trolleys used by the pickers in the strawberry glasshouses were fitted with 
wheels to enable them to be pushed along the rows. Therefore, the UV treatment 
equipment will also be fitted with wheels which could run both on the rails as 
described and on the floor as well. This form of treatment holds considerable 
promise and future work will entail close co-operation with commercial growers in 
designing equipment and also in allowing pilot scale studies to be undertaken. 
 
In practice the fruits on a truss will not all ripen at the same rate. Therefore, it will 
also be necessary to investigate the effect of repeat UV treatment on the plants and 
the quality of treated fruit. 
 
 
9.2.4 Consumer Perception of UV Treated Produce  
In spite of the beneficial effects of UV treatment reported, consumer acceptance of 
the treatment method is necessary for a successful commercialisation. The 
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perception of the public towards produce treated with ionising radiation has been 
shown to be very negative as compared to produce treated using other methods 
even though governmental bodies have passed these produce as safe. Therefore, 
consumers would need to be educated about the effects of UV treatment on produce 
and attention drawn to the fact that this treatment method only in reality fortifies the 
produce with UV-C light which is significantly cut off from produce grown in 
greenhouses. As well as bring to the fore the benefits of UV treatment over the 
chemical treatments widely used. A detailed study into consumer perception of UV 
treated products will provide essential information for a commercial scale utilisation 
of the technique. 
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Appendix 
Appendix 1: Estimation of Dose Delivered to Non-Spherical Produce 
For calculating dose delivered to broccoli, the outline of the head is traced from a 
picture taken as shown in figure 1 below.  
 
 
 
Figure 1: Outline of broccoli head 
 
 
The radius of the broccoli head at any given point is then plotted against the length 
from the top of the head; and a function fitted to the data of intensity against radius. 
From the surface of rotation of the function, the area of the broccoli head is 
determined in MAPLE as shown below; 
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The intensity delivered to the broccoli head was determined using the formula;  
I2 = I1 Cos θ            
Where; I1 = Intensity measured at the top of the broccoli head  
   I2 = Intensity at any other point on the surface of the broccoli head 
    Θ = angle in degrees between I1 and I2 
The intensity over the broccoli head was then integrated. 
 
Using the same method used above with the broccoli head for the mango, the traced 
outline is shown in figure 2 below; 
 
 
 
Figure 2: Outline of mango 
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The area of the fruit is determined as described earlier as shown below; 
 
The intensity delivered to the mango was determined using the formula;  
I2 = I1 Cos θ          
 Where; I1 = Intensity measured at the top of the mango  
   I2 = Intensity at any other point on the surface of the broccoli head 
    Θ = angle in degrees between I1 and I2 
The intensity over the broccoli head was then integrated. 
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Appendix 2: Data Analysis for Chapter Four 
Tomato Colour 
 
Two Way Analysis of Variance Wednesday, May 05, 2010, 12:53:19 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: Colour (TCI)  
 
Normality Test: Failed (P < 0.050) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation  DF   SS   MS    F    P   
Time (Days) 3 865900.325 288633.442 704.558 <0.001  
Treatment 2 120319.343 60159.672 146.851 <0.001  
Time (Days) x Treatment 6 77146.611 12857.768 31.386 <0.001  
Residual 84 34411.931 409.666    
Total 95 1097778.209 11555.560    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 1.000 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 1.000 
 
Least square means for Time (Days) :  
Group Mean  
1.000 -131.043  
2.000 -111.548  
3.000 -14.810  
5.000 108.552  
Std Err of LS Mean = 4.132 
 
Least square means for Treatment :  
Group Mean  
ct 0.185  
e -84.739  
cv -27.083  
Std Err of LS Mean = 3.578 
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Least square means for Time (Days) x Treatment :  
Group Mean  
1.000 x ct -130.237  
1.000 x e -131.438  
1.000 x cv -131.455  
2.000 x ct -95.620  
2.000 x e -136.142  
2.000 x cv -102.882  
3.000 x ct 65.820  
3.000 x e -110.904  
3.000 x cv 0.655  
5.000 x ct 160.778  
5.000 x e 39.527  
5.000 x cv 125.351  
Std Err of LS Mean = 7.156 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 1 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
ct vs. cv 1.217 0.120 0.905 0.017 No  
ct vs. e 1.200 0.119 0.906 0.025 No  
e vs. cv 0.0172 0.00170 0.999 0.050 No  
 
 
Comparisons for factor: Treatment within 2 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
ct vs. e 40.522 4.004 <0.001 0.017 Yes  
cv vs. e 33.260 3.287 0.001 0.025 Yes  
ct vs. cv 7.262 0.718 0.475 0.050 No  
 
 
Comparisons for factor: Treatment within 3 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
ct vs. e 176.724 17.463 <0.001 0.017 Yes  
cv vs. e 111.559 11.023 <0.001 0.025 Yes  
ct vs. cv 65.165 6.439 <0.001 0.050 Yes  
 
 
Comparisons for factor: Treatment within 5 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
ct vs. e 121.251 11.981 <0.001 0.017 Yes  
cv vs. e 85.825 8.481 <0.001 0.025 Yes  
ct vs. cv 35.426 3.501 <0.001 0.050 Yes  
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Comparisons for factor: Time (Days) within ct 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
5.000 vs. 1.000 291.015 28.756 <0.001 0.009 Yes  
5.000 vs. 2.000 256.398 25.336 <0.001 0.010 Yes  
3.000 vs. 1.000 196.057 19.373 <0.001 0.013 Yes  
3.000 vs. 2.000 161.440 15.952 <0.001 0.017 Yes  
5.000 vs. 3.000 94.958 9.383 <0.001 0.025 Yes  
2.000 vs. 1.000 34.617 3.421 <0.001 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within e 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
5.000 vs. 2.000 175.669 17.358 <0.001 0.009 Yes  
5.000 vs. 1.000 170.964 16.894 <0.001 0.010 Yes  
5.000 vs. 3.000 150.430 14.865 <0.001 0.013 Yes  
3.000 vs. 2.000 25.239 2.494 0.015 0.017 Yes  
3.000 vs. 1.000 20.534 2.029 0.046 0.025 No  
1.000 vs. 2.000 4.705 0.465 0.643 0.050 No  
 
 
Comparisons for factor: Time (Days) within cv 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
5.000 vs. 1.000 256.806 25.376 <0.001 0.009 Yes  
5.000 vs. 2.000 228.233 22.552 <0.001 0.010 Yes  
3.000 vs. 1.000 132.110 13.054 <0.001 0.013 Yes  
5.000 vs. 3.000 124.696 12.322 <0.001 0.017 Yes  
3.000 vs. 2.000 103.537 10.231 <0.001 0.025 Yes  
2.000 vs. 1.000 28.573 2.823 0.006 0.050 Yes  
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Tomato Vitamin C 
 
Two Way Analysis of Variance Wednesday, May 05, 2010, 12:54:15 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: Vitamin C  
 
Normality Test: Passed (P = 0.147) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation  DF   SS   MS    F    P  
Time (Days) 3 210.988 70.329 76.400 <0.001  
Treatment 2 6.045 3.022 3.283 0.073  
Time (Days) x Treatment 6 5.042 0.840 0.913 0.518  
Residual 12 11.046 0.921    
Total 23 233.120 10.136    
 
 
The difference in the mean values among the different levels of Time (Days) is 
greater than would be expected by chance after allowing for effects of differences in 
Treatment.  There is a statistically significant difference (P = <0.001).  To isolate 
which group(s) differ from the others use a multiple comparison procedure. 
 
The difference in the mean values among the different levels of Treatment is not 
great enough to exclude the possibility that the difference is just due to random 
sampling variability after allowing for the effects of differences in Time (Days).  There 
is not a statistically significant difference (P = 0.073). 
 
The effect of different levels of Time (Days) does not depend on what level of 
Treatment is present.  There is not a statistically significant interaction between Time 
(Days) and Treatment.  (P = 0.518) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.366 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 0.0500 
 
Least square means for Time (Days) :  
Group Mean  
1.000 12.851  
2.000 6.285  
3.000 13.413  
5.000 13.085  
Std Err of LS Mean = 0.392 
 
Least square means for Treatment :  
Group Mean  
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ct 11.924  
e 10.728  
cv 11.573  
Std Err of LS Mean = 0.339 
 
Least square means for Time (Days) x Treatment :  
Group Mean  
1.000 x ct 13.226  
1.000 x e 11.819  
1.000 x cv 13.507  
2.000 x ct 7.457  
2.000 x e 5.487  
2.000 x cv 5.909  
3.000 x ct 13.789  
3.000 x e 12.382  
3.000 x cv 14.070  
5.000 x ct 13.226  
5.000 x e 13.226  
5.000 x cv 12.804  
Std Err of LS Mean = 0.678 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Time (Days) 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
3.000 vs. 2.000 7.129 12.869 <0.001 0.009 Yes  
5.000 vs. 2.000 6.801 12.277 <0.001 0.010 Yes  
1.000 vs. 2.000 6.566 11.853 <0.001 0.013 Yes  
3.000 vs. 1.000 0.563 1.016 0.330 0.017 No  
3.000 vs. 5.000 0.328 0.593 0.564 0.025 No  
5.000 vs. 1.000 0.235 0.423 0.680 0.050 No  
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Tomato FRAP 
 
Two Way Analysis of Variance Wednesday, May 05, 2010, 12:54:51 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: FRAP  
 
Normality Test: Failed (P < 0.050) 
 
Equal Variance Test: Passed (P = 0.670) 
 
Source of Variation  DF   SS   MS    F    P   
Time (Days) 3 19708.774 6569.591 229.402 <0.001  
Treatment 2 933.427 466.713 16.297 <0.001  
Time (Days) x Treatment 6 2251.137 375.190 13.101 <0.001  
Residual 24 687.310 28.638    
Total 35 23580.648 673.733    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.999 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 1.000 
Least square means for Time (Days) :  
Group Mean  
1.000 71.721  
2.000 133.523  
3.000 104.897  
5.000 122.586  
Std Err of LS Mean = 1.784 
 
Least square means for Treatment :  
Group Mean  
ct 115.221  
e 105.976  
cv 103.348  
Std Err of LS Mean = 1.545 
 
Least square means for Time (Days) x Treatment :  
Group Mean  
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1.000 x ct 70.000  
1.000 x e 78.879  
1.000 x cv 66.283  
2.000 x ct 155.074  
2.000 x e 123.047  
2.000 x cv 122.448  
3.000 x ct 116.047  
3.000 x e 94.159  
3.000 x cv 104.484  
5.000 x ct 119.764  
5.000 x e 127.817  
5.000 x cv 120.177  
Std Err of LS Mean = 3.090 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
Comparisons for factor: Treatment within 1 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
e vs. cv 12.596 2.883 0.008 0.017 Yes  
e vs. ct 8.879 2.032 0.053 0.025 No  
ct vs. cv 3.717 0.851 0.403 0.050 No  
 
 
Comparisons for factor: Treatment within 2 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
ct vs. cv 32.625 7.467 <0.001 0.017 Yes  
ct vs. e 32.027 7.330 <0.001 0.025 Yes  
e vs. cv 0.599 0.137 0.892 0.050 No  
 
 
Comparisons for factor: Treatment within 3 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
ct vs. e 21.888 5.009 <0.001 0.017 Yes  
ct vs. cv 11.563 2.646 0.014 0.025 Yes  
cv vs. e 10.324 2.363 0.027 0.050 Yes  
 
 
Comparisons for factor: Treatment within 5 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
e vs. ct 8.053 1.843 0.078 0.017 No  
e vs. cv 7.640 1.749 0.093 0.025 No  
cv vs. ct 0.413 0.0945 0.925 0.050 No  
 
 
Comparisons for factor: Time (Days) within ct 
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Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
2.000 vs. 1.000 85.074 19.470 <0.001 0.009 Yes  
5.000 vs. 1.000 49.764 11.389 <0.001 0.010 Yes  
3.000 vs. 1.000 46.047 10.538 <0.001 0.013 Yes  
2.000 vs. 3.000 39.027 8.932 <0.001 0.017 Yes  
2.000 vs. 5.000 35.310 8.081 <0.001 0.025 Yes  
5.000 vs. 3.000 3.717 0.851 0.403 0.050 No  
 
 
Comparisons for factor: Time (Days) within e 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
5.000 vs. 1.000 48.938 11.200 <0.001 0.009 Yes  
2.000 vs. 1.000 44.168 10.108 <0.001 0.010 Yes  
5.000 vs. 3.000 33.658 7.703 <0.001 0.013 Yes  
2.000 vs. 3.000 28.888 6.611 <0.001 0.017 Yes  
3.000 vs. 1.000 15.280 3.497 0.002 0.025 Yes  
5.000 vs. 2.000 4.770 1.092 0.286 0.050 No  
 
 
Comparisons for factor: Time (Days) within cv 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
2.000 vs. 1.000 56.165 12.854 <0.001 0.009 Yes  
5.000 vs. 1.000 53.894 12.334 <0.001 0.010 Yes  
3.000 vs. 1.000 38.201 8.743 <0.001 0.013 Yes  
2.000 vs. 3.000 17.965 4.111 <0.001 0.017 Yes  
5.000 vs. 3.000 15.693 3.592 0.001 0.025 Yes  
2.000 vs. 5.000 2.271 0.520 0.608 0.050 No  
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Tomato Phenolics 
 
Two Way Analysis of Variance Wednesday, May 05, 2010, 12:55:37 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: Phenolics  
 
Normality Test: Failed (P < 0.050) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation  DF   SS   MS    F    P   
Time (Days) 3 234585.347 78195.116 133737.423 <0.001  
Treatment 2 76.152 38.076 65.122 <0.001  
Time (Days) x Treatment 6 1553.462 258.910 442.815 <0.001  
Residual 24 14.033 0.585    
Total 35 236228.994 6749.400    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 1.000 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 1.000 
Least square means for Time (Days) :  
Group Mean  
1.000 17.422  
2.000 11.141  
3.000 15.052  
5.000 200.889  
Std Err of LS Mean = 0.255 
 
Least square means for Treatment :  
Group Mean  
ct 59.822  
e 63.156  
cv 60.400  
Std Err of LS Mean = 0.221 
 
Least square means for Time (Days) x Treatment :  
Group Mean  
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1.000 x ct 22.400  
1.000 x e 14.933  
1.000 x cv 14.933  
2.000 x ct 12.089  
2.000 x e 9.600  
2.000 x cv 11.733  
3.000 x ct 10.667  
3.000 x e 11.022  
3.000 x cv 23.467  
5.000 x ct 194.133  
5.000 x e 217.067  
5.000 x cv 191.467  
Std Err of LS Mean = 0.441 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
Comparisons for factor: Treatment within 1 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
ct vs. cv 7.467 11.959 <0.001 0.017 Yes  
ct vs. e 7.467 11.959 <0.001 0.025 Yes  
e vs. cv 0.000 0.000 1.000 0.050 No  
 
 
Comparisons for factor: Treatment within 2 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
ct vs. e 2.489 3.986 <0.001 0.017 Yes  
cv vs. e 2.133 3.417 0.002 0.025 Yes  
ct vs. cv 0.356 0.569 0.574 0.050 No  
 
 
Comparisons for factor: Treatment within 3 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
cv vs. ct 12.800 20.502 <0.001 0.017 Yes  
cv vs. e 12.444 19.932 <0.001 0.025 Yes  
e vs. ct 0.356 0.569 0.574 0.050 No  
 
 
Comparisons for factor: Treatment within 5 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
e vs. cv 25.600 41.004 <0.001 0.017 Yes  
e vs. ct 22.933 36.732 <0.001 0.025 Yes  
ct vs. cv 2.667 4.271 <0.001 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within ct 
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Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
5.000 vs. 3.000 183.467 293.859 <0.001 0.009 Yes  
5.000 vs. 2.000 182.044 291.581 <0.001 0.010 Yes  
5.000 vs. 1.000 171.733 275.066 <0.001 0.013 Yes  
1.000 vs. 3.000 11.733 18.793 <0.001 0.017 Yes  
1.000 vs. 2.000 10.311 16.515 <0.001 0.025 Yes  
2.000 vs. 3.000 1.422 2.278 0.032 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within e 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
5.000 vs. 2.000 207.467 332.300 <0.001 0.009 Yes  
5.000 vs. 3.000 206.044 330.022 <0.001 0.010 Yes  
5.000 vs. 1.000 202.133 323.758 <0.001 0.013 Yes  
1.000 vs. 2.000 5.333 8.542 <0.001 0.017 Yes  
1.000 vs. 3.000 3.911 6.264 <0.001 0.025 Yes  
3.000 vs. 2.000 1.422 2.278 0.032 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within cv 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
5.000 vs. 2.000 179.733 287.880 <0.001 0.009 Yes  
5.000 vs. 1.000 176.533 282.754 <0.001 0.010 Yes  
5.000 vs. 3.000 168.000 269.086 <0.001 0.013 Yes  
3.000 vs. 2.000 11.733 18.793 <0.001 0.017 Yes  
3.000 vs. 1.000 8.533 13.668 <0.001 0.025 Yes  
1.000 vs. 2.000 3.200 5.125 <0.001 0.050 Yes  
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Appendix 3: Data Analysis for Chapter Five 
Broccoli Colour (I) 
 
Two Way Analysis of Variance Wednesday, May 05, 2010, 12:33:26 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: Colour (-a*/b*)  
 
Normality Test: Passed (P = 0.271) 
 
Equal Variance Test: Passed (P = 0.210) 
 
Source of Variation  DF   SS   MS    F    P   
Time (Days) 3 4.444 1.481 408.598 <0.001  
Treatment 1 0.0966 0.0966 26.651 <0.001  
Time (Days) x Treatment 3 0.255 0.0850 23.446 <0.001  
Residual 56 0.203 0.00363    
Total 63 4.999 0.0793    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 1.000 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 1.000 
 
Least square means for Time (Days) :  
GroupMean  
0.000 0.815  
2.000 0.716  
5.000 0.310  
7.000 0.191  
Std Err of LS Mean = 0.0151 
 
Least square means for Treatment :  
GroupMean  
cv 0.547  
ct 0.469  
Std Err of LS Mean = 0.0106 
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Least square means for Time (Days) x Treatment :  
Group Mean  
0.000 x cv 0.835  
0.000 x ct 0.796  
2.000 x cv 0.696  
2.000 x ct 0.736  
5.000 x cv 0.455  
5.000 x ct 0.165  
7.000 x cv 0.201  
7.000 x ct 0.180  
Std Err of LS Mean = 0.0213 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 0 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
cv vs. ct 0.0391 1.298 0.200 0.050 No  
 
 
Comparisons for factor: Treatment within 2 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
ct vs. cv 0.0401 1.332 0.188 0.050 No  
 
 
Comparisons for factor: Treatment within 5 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
cv vs. ct 0.290 9.645 <0.001 0.050 Yes  
 
 
Comparisons for factor: Treatment within 7 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
cv vs. ct 0.0215 0.714 0.478 0.050 No  
 
 
Comparisons for factor: Time (Days) within cv 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
0.000 vs. 7.000 0.634 21.050 <0.001 0.009 Yes  
2.000 vs. 7.000 0.495 16.428 <0.001 0.010 Yes  
0.000 vs. 5.000 0.380 12.617 <0.001 0.013 Yes  
5.000 vs. 7.000 0.254 8.433 <0.001 0.017 Yes  
2.000 vs. 5.000 0.241 7.994 <0.001 0.025 Yes  
0.000 vs. 2.000 0.139 4.623 <0.001 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within ct 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
0.000 vs. 5.000 0.631 20.963 <0.001 0.009 Yes  
0.000 vs. 7.000 0.616 20.466 <0.001 0.010 Yes  
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2.000 vs. 5.000 0.571 18.971 <0.001 0.013 Yes  
2.000 vs. 7.000 0.556 18.473 <0.001 0.017 Yes  
0.000 vs. 2.000 0.0600 1.993 0.051 0.025 No  
7.000 vs. 5.000 0.0150 0.497 0.621 0.050 No  
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Broccoli Colour (II) 
 
Two Way Analysis of Variance Wednesday, May 05, 2010, 12:35:34 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: Colour (-a*/b*)  
 
Normality Test: Passed (P = 0.136) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation  DF   SS   MS    F    P  
Time (Days) 3 6.026 2.009 298.052 <0.001  
Treatment 2 0.380 0.190 28.222 <0.001  
Time (Days) x Treatment 6 0.402 0.0669 9.930 <0.001  
Residual 84 0.566 0.00674    
Total 95 7.374 0.0776    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 1.000 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 1.000 
 
Least square means for Time (Days) :  
GroupMean  
1.000 0.803  
2.000 0.604  
3.000 0.388  
5.000 0.130  
Std Err of LS Mean = 0.0168 
 
Least square means for Treatment :  
GroupMean  
CT 0.394  
F 0.509  
T 0.541  
Std Err of LS Mean = 0.0145 
 
Least square means for Time (Days) x Treatment :  
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Group Mean  
1.000 x CT0.822  
1.000 x F 0.781  
1.000 x T 0.807  
2.000 x CT0.443  
2.000 x F 0.659  
2.000 x T 0.711  
3.000 x CT0.207  
3.000 x F 0.426  
3.000 x T 0.530  
5.000 x CT0.105  
5.000 x F 0.168  
5.000 x T 0.116  
Std Err of LS Mean = 0.0290 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 1 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
CT vs. F 0.0405 0.986 0.327 0.017 No  
T vs. F 0.0262 0.637 0.526 0.025 No  
CT vs. T 0.0143 0.349 0.728 0.050 No  
 
 
Comparisons for factor: Treatment within 2 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
T vs. CT 0.268 6.524 <0.001 0.017 Yes  
F vs. CT 0.216 5.253 <0.001 0.025 Yes  
T vs. F 0.0522 1.271 0.207 0.050 No  
 
 
Comparisons for factor: Treatment within 3 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
T vs. CT 0.323 7.864 <0.001 0.017 Yes  
F vs. CT 0.219 5.337 <0.001 0.025 Yes  
T vs. F 0.104 2.527 0.013 0.050 Yes  
 
 
Comparisons for factor: Treatment within 5 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
F vs. CT 0.0631 1.536 0.128 0.017 No  
F vs. T 0.0523 1.274 0.206 0.025 No  
T vs. CT 0.0108 0.263 0.794 0.050 No  
 
 
Comparisons for factor: Time (Days) within CT 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
1.000 vs. 5.000 0.716 17.454 <0.001 0.009 Yes  
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1.000 vs. 3.000 0.614 14.971 <0.001 0.010 Yes  
1.000 vs. 2.000 0.379 9.227 <0.001 0.013 Yes  
2.000 vs. 5.000 0.338 8.227 <0.001 0.017 Yes  
2.000 vs. 3.000 0.236 5.744 <0.001 0.025 Yes  
3.000 vs. 5.000 0.102 2.483 0.015 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within F 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
1.000 vs. 5.000 0.613 14.932 <0.001 0.009 Yes  
2.000 vs. 5.000 0.490 11.944 <0.001 0.010 Yes  
1.000 vs. 3.000 0.355 8.648 <0.001 0.013 Yes  
3.000 vs. 5.000 0.258 6.284 <0.001 0.017 Yes  
2.000 vs. 3.000 0.232 5.660 <0.001 0.025 Yes  
1.000 vs. 2.000 0.123 2.988 0.004 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within T 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
1.000 vs. 5.000 0.691 16.843 <0.001 0.009 Yes  
2.000 vs. 5.000 0.595 14.489 <0.001 0.010 Yes  
3.000 vs. 5.000 0.414 10.084 <0.001 0.013 Yes  
1.000 vs. 3.000 0.277 6.758 <0.001 0.017 Yes  
2.000 vs. 3.000 0.181 4.404 <0.001 0.025 Yes  
1.000 vs. 2.000 0.0966 2.354 0.021 0.050 Yes  
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Broccoli Vitamin C (I) 
 
Two Way Analysis of Variance Wednesday, May 05, 2010, 12:39:16 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: Vitamin C  
 
Normality Test: Passed (P = 0.100) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation  DF   SS   MS    F    P   
Time (Days) 3 17.302 5.767 30.667 <0.001 
Treatment 1 3.880 3.880 20.632 0.002 
Time (Days) x Treatment 3 0.594 0.198 1.053 0.421 
Residual 8 1.505 0.188    
Total 15 23.281 1.552    
 
 
The difference in the mean values among the different levels of Time (Days) is 
greater than would be expected by chance after allowing for effects of differences in 
Treatment.  There is a statistically significant difference (P = <0.001).  To isolate 
which group(s) differ from the others use a multiple comparison procedure. 
 
The difference in the mean values among the different levels of Treatment is greater 
than would be expected by chance after allowing for effects of differences in Time 
(Days).  There is a statistically significant difference (P = 0.002).  To isolate which 
group(s) differ from the others use a multiple comparison procedure. 
 
The effect of different levels of Time (Days) does not depend on what level of 
Treatment is present.  There is not a statistically significant interaction between Time 
(Days) and Treatment.  (P = 0.421) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.978 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 0.0560 
 
Least square means for Time (Days) :  
Group Mean  
0.000 11.748  
2.000 14.422  
5.000 12.100  
7.000 12.382  
Std Err of LS Mean = 0.217 
 
Least square means for Treatment :  
Group Mean  
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cv 12.171  
ct 13.155  
Std Err of LS Mean = 0.153 
 
Least square means for Time (Days) x Treatment :  
Group Mean  
0.000 x cv 10.975  
0.000 x ct 12.522  
2.000 x cv 14.070  
2.000 x ct 14.773  
5.000 x cv 11.819  
5.000 x ct 12.382  
7.000 x cv 11.819  
7.000 x ct 12.944  
Std Err of LS Mean = 0.307 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Time (Days) 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
2.000 vs. 0.000 2.673 8.718 <0.001 0.009 Yes  
2.000 vs. 5.000 2.322 7.571 <0.001 0.010 Yes  
2.000 vs. 7.000 2.040 6.653 <0.001 0.013 Yes  
7.000 vs. 0.000 0.633 2.065 0.073 0.017 No  
5.000 vs. 0.000 0.352 1.147 0.284 0.025 No  
7.000 vs. 5.000 0.281 0.918 0.386 0.050 No  
 
 
Comparisons for factor: Treatment 
ComparisonDiff of Means t Unadjusted P Critical Level Significant?  
ct vs. cv 0.985 4.542 0.002 0.050 Yes  
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Broccoli Vitamin (II) 
 
Two Way Analysis of Variance Wednesday, May 05, 2010, 12:41:06 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: Vitamin C  
 
Normality Test: Failed (P < 0.050) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation  DF   SS   MS    F    P  
Time (Days) 3 215.887 71.962 30.042 <0.001  
Treatment 2 96.633 48.317 20.171 <0.001  
Time (Days) x Treatment 6 86.920 14.487 6.048 0.004  
Residual 12 28.745 2.395    
Total 23 428.185 18.617    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = 0.004) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.999 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 0.920 
 
Least square means for Time (Days) :  
Group Mean  
1.000 19.792  
2.000 16.040  
3.000 21.996  
5.000 14.398  
Std Err of LS Mean = 0.632 
 
Least square means for Treatment :  
Group Mean  
C 16.673  
F 16.603  
T 20.894  
Std Err of LS Mean = 0.547 
 
Least square means for Time (Days) x Treatment :  
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Group Mean  
1.000 x C 18.432  
1.000 x F 21.246  
1.000 x T 19.698  
2.000 x C 16.884  
2.000 x F 13.226  
2.000 x T 18.010  
3.000 x C 17.869  
3.000 x F 20.683  
3.000 x T 27.436  
5.000 x C 13.507  
5.000 x F 11.256  
5.000 x T 18.432  
Std Err of LS Mean = 1.094 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 1 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
F vs. C 2.814 1.818 0.094 0.017 No  
F vs. T 1.548 1.000 0.337 0.025 No  
T vs. C 1.266 0.818 0.429 0.050 No  
 
 
Comparisons for factor: Treatment within 2 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
T vs. F 4.784 3.091 0.009 0.017 Yes  
C vs. F 3.658 2.364 0.036 0.025 No  
T vs. C 1.126 0.727 0.481 0.050 No  
 
 
Comparisons for factor: Treatment within 3 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
T vs. C 9.568 6.182 <0.001 0.017 Yes  
T vs. F 6.754 4.364 <0.001 0.025 Yes  
F vs. C 2.814 1.818 0.094 0.050 No  
 
 
Comparisons for factor: Treatment within 5 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
T vs. F 7.176 4.636 <0.001 0.017 Yes  
T vs. C 4.925 3.182 0.008 0.025 Yes  
C vs. F 2.251 1.455 0.171 0.050 No  
 
 
Comparisons for factor: Time (Days) within C 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
1.000 vs. 5.000 4.925 3.182 0.008 0.009 Yes  
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3.000 vs. 5.000 4.362 2.818 0.016 0.010 No  
2.000 vs. 5.000 3.377 2.182 0.050 0.013 No  
1.000 vs. 2.000 1.548 1.000 0.337 0.017 No  
3.000 vs. 2.000 0.985 0.636 0.536 0.025 No  
1.000 vs. 3.000 0.563 0.364 0.722 0.050 No  
 
 
Comparisons for factor: Time (Days) within F 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
1.000 vs. 5.000 9.990 6.455 <0.001 0.009 Yes  
3.000 vs. 5.000 9.427 6.091 <0.001 0.010 Yes  
1.000 vs. 2.000 8.020 5.182 <0.001 0.013 Yes  
3.000 vs. 2.000 7.457 4.818 <0.001 0.017 Yes  
2.000 vs. 5.000 1.970 1.273 0.227 0.025 No  
1.000 vs. 3.000 0.563 0.364 0.722 0.050 No  
 
 
Comparisons for factor: Time (Days) within T 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
3.000 vs. 2.000 9.427 6.091 <0.001 0.009 Yes  
3.000 vs. 5.000 9.005 5.818 <0.001 0.010 Yes  
3.000 vs. 1.000 7.738 5.000 <0.001 0.013 Yes  
1.000 vs. 2.000 1.688 1.091 0.297 0.017 No  
1.000 vs. 5.000 1.266 0.818 0.429 0.025 No  
5.000 vs. 2.000 0.422 0.273 0.790 0.050 No  
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Broccoli FRAP (I) 
 
Two Way Analysis of Variance Wednesday, May 05, 2010, 12:46:12 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: FRAP  
 
Normality Test: Failed (P < 0.050) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation  DF   SS   MS    F    P   
Time (Days) 3 3998.691 1332.897 318.780 <0.001  
Treatment 1 0.126 0.126 0.0301 0.863  
Time (Days) x Treatment 3 231.047 77.016 18.419 <0.001  
Residual 64 267.600 4.181    
Total 71 4497.465 63.345    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.0500 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 1.000 
 
Least square means for Time (Days) :  
Group Mean  
0.000 42.035  
2.000 45.342  
5.000 31.405  
7.000 27.152  
Std Err of LS Mean = 0.482 
 
Least square means for Treatment :  
Group Mean  
cv 36.526  
ct 36.442  
Std Err of LS Mean = 0.341 
 
Least square means for Time (Days) x Treatment :  
Group Mean  
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0.000 x cv 39.000  
0.000 x ct 45.070  
2.000 x cv 46.777  
2.000 x ct 43.907  
5.000 x cv 32.217  
5.000 x ct 30.594  
7.000 x cv 28.108  
7.000 x ct 26.197  
Std Err of LS Mean = 0.682 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 0 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
ct vs. cv 6.070 6.297 <0.001 0.050 Yes  
 
 
Comparisons for factor: Treatment within 2 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
cv vs. ct 2.871 2.978 0.004 0.050 Yes  
 
 
Comparisons for factor: Treatment within 5 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
cv vs. ct 1.623 1.684 0.097 0.050 No  
 
 
Comparisons for factor: Treatment within 7 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
cv vs. ct 1.911 1.982 0.052 0.050 No  
 
 
Comparisons for factor: Time (Days) within cv 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
2.000 vs. 7.000 18.670 19.368 <0.001 0.009 Yes  
2.000 vs. 5.000 14.561 15.105 <0.001 0.010 Yes  
0.000 vs. 7.000 10.892 11.300 <0.001 0.013 Yes  
2.000 vs. 0.000 7.777 8.068 <0.001 0.017 Yes  
0.000 vs. 5.000 6.783 7.037 <0.001 0.025 Yes  
5.000 vs. 7.000 4.109 4.263 <0.001 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within ct 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
0.000 vs. 7.000 18.873 19.579 <0.001 0.009 Yes  
2.000 vs. 7.000 17.710 18.372 <0.001 0.010 Yes  
0.000 vs. 5.000 14.476 15.018 <0.001 0.013 Yes  
2.000 vs. 5.000 13.313 13.811 <0.001 0.017 Yes  
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5.000 vs. 7.000 4.397 4.561 <0.001 0.025 Yes  
0.000 vs. 2.000 1.163 1.207 0.232 0.050 No  
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Broccoli FRAP (II) 
 
Two Way Analysis of Variance Wednesday, May 05, 2010, 12:47:27 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: FRAP  
 
Normality Test: Passed (P = 0.139) 
 
Equal Variance Test: Passed (P = 0.883) 
 
Source of Variation  DF   SS   MS    F    P  
Time (Days) 3 19.523 6.508 439.853 <0.001  
Treatment 2 0.487 0.243 16.455 <0.001  
Time (Days) x Treatment 6 0.945 0.157 10.644 <0.001  
Residual 24 0.355 0.0148    
Total 35 21.310 0.609    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.999 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 1.000 
 
Least square means for Time (Days) :  
GroupMean  
1.000 1.868  
2.000 3.151  
3.000 3.878  
5.000 3.327  
Std Err of LS Mean = 0.0405 
 
Least square means for Treatment :  
GroupMean  
C 3.031  
F 3.209  
T 2.928  
Std Err of LS Mean = 0.0351 
 
Least square means for Time (Days) x Treatment :  
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Group Mean  
1.000 x C 1.886  
1.000 x F 1.813  
1.000 x T 1.906  
2.000 x C 3.102  
2.000 x F 3.182  
2.000 x T 3.169  
3.000 x C 3.851  
3.000 x F 4.352  
3.000 x T 3.430  
5.000 x C 3.284  
5.000 x F 3.491  
5.000 x T 3.206  
Std Err of LS Mean = 0.0702 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 1 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
T vs. F 0.0930 0.936 0.358 0.017 No  
C vs. F 0.0730 0.735 0.469 0.025 No  
T vs. C 0.0200 0.201 0.842 0.050 No  
 
 
Comparisons for factor: Treatment within 2 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
F vs. C 0.0800 0.806 0.428 0.017 No  
T vs. C 0.0670 0.675 0.506 0.025 No  
F vs. T 0.0130 0.131 0.897 0.050 No  
 
 
Comparisons for factor: Treatment within 3 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
F vs. T 0.921 9.277 <0.001 0.017 Yes  
F vs. C 0.500 5.038 <0.001 0.025 Yes  
C vs. T 0.421 4.239 <0.001 0.050 Yes  
 
 
Comparisons for factor: Treatment within 5 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
F vs. T 0.285 2.866 0.009 0.017 Yes  
F vs. C 0.207 2.084 0.048 0.025 No  
C vs. T 0.0777 0.782 0.442 0.050 No  
 
 
Comparisons for factor: Time (Days) within C 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
3.000 vs. 1.000 1.966 19.792 <0.001 0.009 Yes  
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5.000 vs. 1.000 1.398 14.080 <0.001 0.010 Yes  
2.000 vs. 1.000 1.216 12.247 <0.001 0.013 Yes  
3.000 vs. 2.000 0.749 7.545 <0.001 0.017 Yes  
3.000 vs. 5.000 0.567 5.713 <0.001 0.025 Yes  
5.000 vs. 2.000 0.182 1.833 0.079 0.050 No  
 
 
Comparisons for factor: Time (Days) within F 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
3.000 vs. 1.000 2.539 25.565 <0.001 0.009 Yes  
5.000 vs. 1.000 1.678 16.899 <0.001 0.010 Yes  
2.000 vs. 1.000 1.369 13.788 <0.001 0.013 Yes  
3.000 vs. 2.000 1.170 11.777 <0.001 0.017 Yes  
3.000 vs. 5.000 0.861 8.666 <0.001 0.025 Yes  
5.000 vs. 2.000 0.309 3.111 0.005 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within T 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
3.000 vs. 1.000 1.525 15.352 <0.001 0.009 Yes  
5.000 vs. 1.000 1.301 13.097 <0.001 0.010 Yes  
2.000 vs. 1.000 1.263 12.721 <0.001 0.013 Yes  
3.000 vs. 2.000 0.261 2.631 0.015 0.017 Yes  
3.000 vs. 5.000 0.224 2.255 0.033 0.025 No  
5.000 vs. 2.000 0.0373 0.376 0.710 0.050 No  
 
 
 
  
211 
 
Broccoli Phenolics (I) 
 
Two Way Analysis of Variance Wednesday, May 05, 2010, 12:50:08 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: Phenolics  
 
Normality Test: Failed (P < 0.050) 
 
Equal Variance Test: Passed (P = 0.188) 
 
Source of Variation  DF   SS   MS    F    P   
Time (Days) 3 673.998 224.666 132.693 <0.001  
Treatment 1 20.468 20.468 12.089 <0.001  
Time (Days) x Treatment 3 55.844 18.615 10.994 <0.001  
Residual 64 108.360 1.693    
Total 71 858.669 12.094    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.925 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 0.999 
 
Least square means for Time (Days) :  
Group Mean  
0.000 12.483  
2.000 15.621  
5.000 16.900  
7.000 21.014  
Std Err of LS Mean = 0.307 
 
Least square means for Treatment :  
Group Mean  
cv 17.038  
ct 15.972  
Std Err of LS Mean = 0.217 
 
Least square means for Time (Days) x Treatment :  
Group Mean  
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0.000 x cv 12.000  
0.000 x ct 12.967  
2.000 x cv 15.621  
2.000 x ct 15.621  
5.000 x cv 17.668  
5.000 x ct 16.133  
7.000 x cv 22.863  
7.000 x ct 19.166  
Std Err of LS Mean = 0.434 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 0 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
ct vs. cv 0.967 1.576 0.120 0.050 No  
 
 
Comparisons for factor: Treatment within 2 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
cv vs. ct 3.197E-014 5.213E-014 1.000 0.050 No  
 
 
Comparisons for factor: Treatment within 5 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
cv vs. ct 1.536 2.503 0.015 0.050 Yes  
 
 
Comparisons for factor: Treatment within 7 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
cv vs. ct 3.697 6.027 <0.001 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within cv 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
7.000 vs. 0.000 10.863 17.709 <0.001 0.009 Yes  
7.000 vs. 2.000 7.242 11.806 <0.001 0.010 Yes  
5.000 vs. 0.000 5.668 9.241 <0.001 0.013 Yes  
7.000 vs. 5.000 5.194 8.468 <0.001 0.017 Yes  
2.000 vs. 0.000 3.621 5.903 <0.001 0.025 Yes  
5.000 vs. 2.000 2.047 3.338 0.001 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within ct 
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Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
7.000 vs. 0.000 6.199 10.106 <0.001 0.009 Yes  
7.000 vs. 2.000 3.545 5.779 <0.001 0.010 Yes  
5.000 vs. 0.000 3.166 5.161 <0.001 0.013 Yes  
7.000 vs. 5.000 3.033 4.945 <0.001 0.017 Yes  
2.000 vs. 0.000 2.654 4.327 <0.001 0.025 Yes  
5.000 vs. 2.000 0.512 0.834 0.407 0.050 No  
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Broccoli Phenolics (II) 
 
Two Way Analysis of Variance Wednesday, May 05, 2010, 12:51:07 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: Phenolics  
 
Normality Test: Failed (P < 0.050) 
 
Equal Variance Test: Passed (P = 1.000) 
 
Source of Variation  DF   SS   MS    F    P   
Time (Days) 3 67.528 22.509 549.779 <0.001  
Treatment 2 18.144 9.072 221.577 <0.001  
Time (Days) x Treatment 6 22.704 3.784 92.423 <0.001  
Residual 24 0.983 0.0409    
Total 35 109.358 3.125    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 1.000 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 1.000 
 
Least square means for Time (Days) :  
Group Mean  
1.000 10.913  
2.000 11.098  
3.000 13.889  
5.000 10.357  
Std Err of LS Mean = 0.0674 
 
Least square means for Treatment :  
Group Mean  
C 11.319  
F 12.530  
T 10.843  
Std Err of LS Mean = 0.0584 
 
Least square means for Time (Days) x Treatment :  
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Group Mean  
1.000 x C 10.000  
1.000 x F 11.944  
1.000 x T 10.794  
2.000 x C 9.881  
2.000 x F 12.619  
2.000 x T 10.794  
3.000 x C 14.087  
3.000 x F 13.889  
3.000 x T 13.690  
5.000 x C 11.310  
5.000 x F 11.667  
5.000 x T 8.095  
Std Err of LS Mean = 0.117 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 1 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
F vs. C 1.944 11.769 <0.001 0.017 Yes  
F vs. T 1.151 6.966 <0.001 0.025 Yes  
T vs. C 0.794 4.804 <0.001 0.050 Yes  
 
 
Comparisons for factor: Treatment within 2 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
F vs. C 2.738 16.573 <0.001 0.017 Yes  
F vs. T 1.825 11.049 <0.001 0.025 Yes  
T vs. C 0.913 5.524 <0.001 0.050 Yes  
 
 
Comparisons for factor: Treatment within 3 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
C vs. T 0.397 2.402 0.024 0.017 No  
C vs. F 0.198 1.201 0.241 0.025 No  
F vs. T 0.198 1.201 0.241 0.050 No  
 
 
Comparisons for factor: Treatment within 5 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
F vs. T 3.571 21.617 <0.001 0.017 Yes  
C vs. T 3.214 19.456 <0.001 0.025 Yes  
F vs. C 0.357 2.162 0.041 0.050 Yes  
Comparisons for factor: Time (Days) within C 
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Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
3.000 vs. 2.000 4.206 25.460 <0.001 0.009 Yes  
3.000 vs. 1.000 4.087 24.740 <0.001 0.010 Yes  
3.000 vs. 5.000 2.778 16.813 <0.001 0.013 Yes  
5.000 vs. 2.000 1.429 8.647 <0.001 0.017 Yes  
5.000 vs. 1.000 1.310 7.926 <0.001 0.025 Yes  
1.000 vs. 2.000 0.119 0.721 0.478 0.050 No  
 
 
Comparisons for factor: Time (Days) within F 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
3.000 vs. 5.000 2.222 13.451 <0.001 0.009 Yes  
3.000 vs. 1.000 1.944 11.769 <0.001 0.010 Yes  
3.000 vs. 2.000 1.270 7.686 <0.001 0.013 Yes  
2.000 vs. 5.000 0.952 5.765 <0.001 0.017 Yes  
2.000 vs. 1.000 0.675 4.083 <0.001 0.025 Yes  
1.000 vs. 5.000 0.278 1.681 0.106 0.050 No  
 
 
Comparisons for factor: Time (Days) within T 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
3.000 vs. 5.000 5.595 33.867 <0.001 0.009 Yes  
3.000 vs. 1.000 2.897 17.534 <0.001 0.010 Yes  
3.000 vs. 2.000 2.897 17.534 <0.001 0.013 Yes  
2.000 vs. 5.000 2.698 16.333 <0.001 0.017 Yes  
1.000 vs. 5.000 2.698 16.333 <0.001 0.025 Yes  
2.000 vs. 1.000 3.197E-014 1.935E-013 1.000 0.050 No  
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Appendix 4: Data Analysis for Chapter Six 
Mango Texture 
 
Two Way Analysis of Variance Friday, May 14, 2010, 14:55:36 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: Texture  
 
Normality Test: Passed (P = 0.124) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation  DF   SS   MS    F    P   
Time (Days) 3 101383127.98133794375.994 244.124 <0.001  
Treatment 3 2819105.449 939701.816 6.788 <0.001  
Time (Days) x Treatment 9 2443096.701 271455.189 1.961 0.049  
Residual 128 17719194.736 138431.209    
Total 143 124364524.866 869681.992    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = 0.049) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.956 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 0.456 
 
Least square means for Time (Days) :  
Group Mean  
1.000 3081.006  
4.000 1814.011  
6.000 1334.625  
8.000 818.036  
Std Err of LS Mean = 62.011 
 
Least square means for Treatment :  
Group Mean  
Ct 1532.364  
Cv 1814.519  
t 1790.442  
T 1910.353  
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Std Err of LS Mean = 62.011 
 
Least square means for Time (Days) x Treatment :  
Group Mean  
1.000 x Ct3020.411  
1.000 x Cv3159.456 
1.000 x t 3106.278  
1.000 x T 3037.878  
4.000 x Ct1389.233  
4.000 x Cv1774.867 
4.000 x t 1862.411  
4.000 x T 2229.533  
6.000 x Ct1096.189  
6.000 x Cv1547.344 
6.000 x t 1205.567  
6.000 x T 1489.400  
8.000 x Ct 623.622  
8.000 x Cv 776.411  
8.000 x t 987.511  
8.000 x T 884.600  
Std Err of LS Mean = 124.021 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 1 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
Cv vs. Ct 139.044 0.793 0.429 0.009 No  
Cv vs. T 121.578 0.693 0.489 0.010 No  
t vs. Ct 85.867 0.490 0.625 0.013 No  
t vs. T 68.400 0.390 0.697 0.017 No  
Cv vs. t 53.178 0.303 0.762 0.025 No  
T vs. Ct 17.467 0.0996 0.921 0.050 No  
 
 
Comparisons for factor: Treatment within 4 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
T vs. Ct 840.300 4.791 <0.001 0.009 Yes  
t vs. Ct 473.178 2.698 0.008 0.010 Yes  
T vs. Cv 454.667 2.592 0.011 0.013 Yes  
Cv vs. Ct 385.633 2.199 0.030 0.017 No  
T vs. t 367.122 2.093 0.038 0.025 No  
t vs. Cv 87.544 0.499 0.619 0.050 No  
 
 
Comparisons for factor: Treatment within 6 
219 
 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
Cv vs. Ct 451.156 2.572 0.011 0.009 No  
T vs. Ct 393.211 2.242 0.027 0.010 No  
Cv vs. t 341.778 1.949 0.054 0.013 No  
T vs. t 283.833 1.618 0.108 0.017 No  
t vs. Ct 109.378 0.624 0.534 0.025 No  
Cv vs. T 57.944 0.330 0.742 0.050 No  
 
 
Comparisons for factor: Treatment within 8 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
t vs. Ct 363.889 2.075 0.040 0.009 No  
T vs. Ct 260.978 1.488 0.139 0.010 No  
t vs. Cv 211.100 1.204 0.231 0.013 No  
Cv vs. Ct 152.789 0.871 0.385 0.017 No  
T vs. Cv 108.189 0.617 0.538 0.025 No  
t vs. T 102.911 0.587 0.558 0.050 No  
 
 
Comparisons for factor: Time (Days) within Ct 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
1.000 vs. 8.000 2396.789 13.665 <0.001 0.009 Yes  
1.000 vs. 6.000 1924.222 10.971 <0.001 0.010 Yes  
1.000 vs. 4.000 1631.178 9.300 <0.001 0.013 Yes  
4.000 vs. 8.000 765.611 4.365 <0.001 0.017 Yes  
6.000 vs. 8.000 472.567 2.694 0.008 0.025 Yes  
4.000 vs. 6.000 293.044 1.671 0.097 0.050 No  
 
 
Comparisons for factor: Time (Days) within Cv 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
1.000 vs. 8.000 2383.044 13.587 <0.001 0.009 Yes  
1.000 vs. 6.000 1612.111 9.191 <0.001 0.010 Yes  
1.000 vs. 4.000 1384.589 7.894 <0.001 0.013 Yes  
4.000 vs. 8.000 998.456 5.693 <0.001 0.017 Yes  
6.000 vs. 8.000 770.933 4.395 <0.001 0.025 Yes  
4.000 vs. 6.000 227.522 1.297 0.197 0.050 No  
 
 
Comparisons for factor: Time (Days) within t 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
1.000 vs. 8.000 2118.767 12.080 <0.001 0.009 Yes  
1.000 vs. 6.000 1900.711 10.837 <0.001 0.010 Yes  
1.000 vs. 4.000 1243.867 7.092 <0.001 0.013 Yes  
4.000 vs. 8.000 874.900 4.988 <0.001 0.017 Yes  
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4.000 vs. 6.000 656.844 3.745 <0.001 0.025 Yes  
6.000 vs. 8.000 218.056 1.243 0.216 0.050 No  
 
 
Comparisons for factor: Time (Days) within T 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
1.000 vs. 8.000 2153.278 12.277 <0.001 0.009 Yes  
1.000 vs. 6.000 1548.478 8.829 <0.001 0.010 Yes  
4.000 vs. 8.000 1344.933 7.668 <0.001 0.013 Yes  
1.000 vs. 4.000 808.344 4.609 <0.001 0.017 Yes  
4.000 vs. 6.000 740.133 4.220 <0.001 0.025 Yes  
6.000 vs. 8.000 604.800 3.448 <0.001 0.050 Yes  
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Mango Vitamin C 
 
Two Way Analysis of Variance Friday, May 14, 2010, 14:56:22 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: Vitamin C  
 
Normality Test: Failed (P < 0.050) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation  DF   SS   MS    F    P   
Time (Days) 3 913.635 304.545 1893.390 <0.001  
Treatment 3 171.623 57.208 355.667 <0.001  
Time (Days) x Treatment 9 969.753 107.750 669.896 <0.001  
Residual 16 2.574 0.161    
Total 31 2057.585 66.374    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 1.000 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 1.000 
 
Least square means for Time (Days) :  
Group Mean  
1.000 33.346  
4.000 33.240  
6.000 39.396  
8.000 24.411  
Std Err of LS Mean = 0.142 
 
Least square means for Treatment :  
Group Mean  
Ct 33.487  
Cv 35.140  
t 28.843  
T 32.924  
Std Err of LS Mean = 0.142 
Least square means for Time (Days) x Treatment :  
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Group Mean  
1.000 x Ct 39.396  
1.000 x Cv36.019  
1.000 x t 29.547  
1.000 x T 28.421  
4.000 x Ct 41.929  
4.000 x Cv33.064  
4.000 x t 28.703  
4.000 x T 29.266  
6.000 x Ct 27.155  
6.000 x Cv50.793  
6.000 x t 34.331  
6.000 x T 45.305  
8.000 x Ct 25.467  
8.000 x Cv20.683  
8.000 x t 22.793  
8.000 x T 28.703  
Std Err of LS Mean = 0.284 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 1 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
Ct vs. T 10.975 27.364 <0.001 0.009 Yes  
Ct vs. t 9.849 24.558 <0.001 0.010 Yes  
Cv vs. T 7.598 18.944 <0.001 0.013 Yes  
Cv vs. t 6.472 16.138 <0.001 0.017 Yes  
Ct vs. Cv 3.377 8.420 <0.001 0.025 Yes  
t vs. T 1.126 2.807 0.013 0.050 Yes  
 
 
Comparisons for factor: Treatment within 4 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
Ct vs. t 13.226 32.977 <0.001 0.009 Yes  
Ct vs. T 12.663 31.574 <0.001 0.010 Yes  
Ct vs. Cv 8.864 22.102 <0.001 0.013 Yes  
Cv vs. t 4.362 10.876 <0.001 0.017 Yes  
Cv vs. T 3.799 9.472 <0.001 0.025 Yes  
T vs. t 0.563 1.403 0.180 0.050 No  
 
 
Comparisons for factor: Treatment within 6 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
Cv vs. Ct 23.638 58.938 <0.001 0.009 Yes  
T vs. Ct 18.150 45.256 <0.001 0.010 Yes  
Cv vs. t 16.462 41.046 <0.001 0.013 Yes  
T vs. t 10.975 27.364 <0.001 0.017 Yes  
t vs. Ct 7.176 17.892 <0.001 0.025 Yes  
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Cv vs. T 5.487 13.682 <0.001 0.050 Yes  
 
 
Comparisons for factor: Treatment within 8 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
T vs. Cv 8.020 19.997 <0.001 0.009 Yes  
T vs. t 5.909 14.735 <0.001 0.010 Yes  
Ct vs. Cv 4.784 11.928 <0.001 0.013 Yes  
T vs. Ct 3.236 8.069 <0.001 0.017 Yes  
Ct vs. t 2.673 6.666 <0.001 0.025 Yes  
t vs. Cv 2.110 5.262 <0.001 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within Ct 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
4.000 vs. 8.000 16.462 41.046 <0.001 0.009 Yes  
4.000 vs. 6.000 14.774 36.836 <0.001 0.010 Yes  
1.000 vs. 8.000 13.929 34.731 <0.001 0.013 Yes  
1.000 vs. 6.000 12.241 30.522 <0.001 0.017 Yes  
4.000 vs. 1.000 2.533 6.315 <0.001 0.025 Yes  
6.000 vs. 8.000 1.688 4.210 <0.001 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within Cv 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
6.000 vs. 8.000 30.110 75.076 <0.001 0.009 Yes  
6.000 vs. 4.000 17.728 44.204 <0.001 0.010 Yes  
1.000 vs. 8.000 15.336 38.240 <0.001 0.013 Yes  
6.000 vs. 1.000 14.773 36.836 <0.001 0.017 Yes  
4.000 vs. 8.000 12.382 30.872 <0.001 0.025 Yes  
1.000 vs. 4.000 2.955 7.367 <0.001 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within t 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
6.000 vs. 8.000 11.537 28.768 <0.001 0.009 Yes  
1.000 vs. 8.000 6.754 16.840 <0.001 0.010 Yes  
4.000 vs. 8.000 5.909 14.735 <0.001 0.013 Yes  
6.000 vs. 4.000 5.628 14.033 <0.001 0.017 Yes  
6.000 vs. 1.000 4.784 11.928 <0.001 0.025 Yes  
1.000 vs. 4.000 0.844 2.105 0.051 0.050 No  
 
 
Comparisons for factor: Time (Days) within T 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
6.000 vs. 1.000 16.884 42.099 <0.001 0.009 Yes  
6.000 vs. 8.000 16.603 41.397 <0.001 0.010 Yes  
6.000 vs. 4.000 16.040 39.994 <0.001 0.013 Yes  
4.000 vs. 1.000 0.844 2.105 0.051 0.017 No  
4.000 vs. 8.000 0.563 1.403 0.180 0.025 No  
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8.000 vs. 1.000 0.281 0.702 0.493 0.050 No  
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Mango FRAP 
 
Two Way Analysis of Variance Friday, May 14, 2010, 14:57:04 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: FRAP  
 
Normality Test: Failed (P < 0.050) 
 
Equal Variance Test: Passed (P = 0.142) 
 
Source of Variation  DF   SS   MS    F    P   
Time (Days) 3 334025.005 111341.668 1309.427 <0.001  
Treatment 3 26241.636 8747.212 102.871 <0.001  
Time (Days) x Treatment 9 90048.429 10005.381 117.668 <0.001  
Residual 32 2720.986 85.031    
Total 47 453036.056 9639.065    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 1.000 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 1.000 
 
Least square means for Time (Days) :  
Group Mean  
1.000 212.736  
4.000 410.656  
6.000 296.416  
8.000 202.721  
Std Err of LS Mean = 2.662 
 
Least square means for Treatment :  
Group Mean  
Ct 250.265  
Cv 314.535  
t 271.482  
T 286.246  
Std Err of LS Mean = 2.662 
Least square means for Time (Days) x Treatment :  
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Group Mean  
1.000 x Ct 219.912  
1.000 x Cv220.118  
1.000 x t 246.755  
1.000 x T 164.159  
4.000 x Ct 390.472  
4.000 x Cv435.693  
4.000 x t 398.525  
4.000 x T 417.935  
6.000 x Ct 193.068  
6.000 x Cv425.575  
6.000 x t 234.985  
6.000 x T 332.035  
8.000 x Ct 197.611  
8.000 x Cv176.755  
8.000 x t 205.664  
8.000 x T 230.855  
Std Err of LS Mean = 5.324 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 1 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
t vs. T 82.596 10.970 <0.001 0.009 Yes  
Cv vs. T 55.959 7.432 <0.001 0.010 Yes  
Ct vs. T 55.752 7.405 <0.001 0.013 Yes  
t vs. Ct 26.844 3.565 0.001 0.017 Yes  
t vs. Cv 26.637 3.538 0.001 0.025 Yes  
Cv vs. Ct 0.206 0.0274 0.978 0.050 No  
 
 
Comparisons for factor: Treatment within 4 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
Cv vs. Ct 45.221 6.006 <0.001 0.009 Yes  
Cv vs. t 37.168 4.937 <0.001 0.010 Yes  
T vs. Ct 27.463 3.648 <0.001 0.013 Yes  
T vs. t 19.410 2.578 0.015 0.017 Yes  
Cv vs. T 17.758 2.359 0.025 0.025 Yes  
t vs. Ct 8.053 1.070 0.293 0.050 No  
 
 
Comparisons for factor: Treatment within 6 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
Cv vs. Ct 232.507 30.881 <0.001 0.009 Yes  
Cv vs. t 190.590 25.314 <0.001 0.010 Yes  
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T vs. Ct 138.968 18.457 <0.001 0.013 Yes  
T vs. t 97.050 12.890 <0.001 0.017 Yes  
Cv vs. T 93.540 12.424 <0.001 0.025 Yes  
t vs. Ct 41.917 5.567 <0.001 0.050 Yes  
 
 
Comparisons for factor: Treatment within 8 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
T vs. Cv 54.100 7.186 <0.001 0.009 Yes  
T vs. Ct 33.245 4.416 <0.001 0.010 Yes  
t vs. Cv 28.909 3.840 <0.001 0.013 Yes  
T vs. t 25.192 3.346 0.002 0.017 Yes  
Ct vs. Cv 20.855 2.770 0.009 0.025 Yes  
t vs. Ct 8.053 1.070 0.293 0.050 No  
 
 
Comparisons for factor: Time (Days) within Ct 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
4.000 vs. 6.000 197.404 26.219 <0.001 0.009 Yes  
4.000 vs. 8.000 192.861 25.615 <0.001 0.010 Yes  
4.000 vs. 1.000 170.560 22.654 <0.001 0.013 Yes  
1.000 vs. 6.000 26.844 3.565 0.001 0.017 Yes  
1.000 vs. 8.000 22.301 2.962 0.006 0.025 Yes  
8.000 vs. 6.000 4.543 0.603 0.551 0.050 No  
 
 
Comparisons for factor: Time (Days) within Cv 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
4.000 vs. 8.000 258.938 34.392 <0.001 0.009 Yes  
6.000 vs. 8.000 248.820 33.048 <0.001 0.010 Yes  
4.000 vs. 1.000 215.575 28.632 <0.001 0.013 Yes  
6.000 vs. 1.000 205.457 27.288 <0.001 0.017 Yes  
1.000 vs. 8.000 43.363 5.759 <0.001 0.025 Yes  
4.000 vs. 6.000 10.118 1.344 0.188 0.050 No  
 
 
Comparisons for factor: Time (Days) within t 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
4.000 vs. 8.000 192.861 25.615 <0.001 0.009 Yes  
4.000 vs. 6.000 163.540 21.721 <0.001 0.010 Yes  
4.000 vs. 1.000 151.770 20.158 <0.001 0.013 Yes  
1.000 vs. 8.000 41.091 5.458 <0.001 0.017 Yes  
6.000 vs. 8.000 29.322 3.894 <0.001 0.025 Yes  
1.000 vs. 6.000 11.770 1.563 0.128 0.050 No  
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Comparisons for factor: Time (Days) within T 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
4.000 vs. 1.000 253.776 33.706 <0.001 0.009 Yes  
4.000 vs. 8.000 187.080 24.848 <0.001 0.010 Yes  
6.000 vs. 1.000 167.876 22.297 <0.001 0.013 Yes  
6.000 vs. 8.000 101.180 13.439 <0.001 0.017 Yes  
4.000 vs. 6.000 85.900 11.409 <0.001 0.025 Yes  
8.000 vs. 1.000 66.696 8.858 <0.001 0.050 Yes  
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Mango Phenolics 
 
Two Way Analysis of Variance Friday, May 14, 2010, 14:57:44 
 
Data source: Data 1 in Broccoli 
 
Balanced Design 
 
Dependent Variable: Phenolics  
 
Normality Test: Failed (P < 0.050) 
 
Equal Variance Test: Passed (P = 1.000) 
 
Source of Variation  DF   SS   MS    F    P   
Time (Days) 3 1624.862 541.621 11619.242 <0.001  
Treatment 3 73.578 24.526 526.152 <0.001  
Time (Days) x Treatment 9 108.522 12.058 258.677 <0.001  
Residual 32 1.492 0.0466    
Total 47 1808.454 38.478    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time (Days) depends on what level of Treatment is 
present.  There is a statistically significant interaction between Time (Days) and 
Treatment.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Time (Days) : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 1.000 
Power of performed test with alpha = 0.0500:  for Time (Days) x Treatment : 1.000 
 
Least square means for Time (Days) :  
Group Mean  
1.000 25.707  
4.000 12.215  
6.000 11.125  
8.000 14.207  
Std Err of LS Mean = 0.0623 
 
Least square means for Treatment :  
Group Mean  
Ct 13.793  
Cv 15.860  
t 16.574  
T 17.026  
Std Err of LS Mean = 0.0623 
Least square means for Time (Days) x Treatment :  
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Group Mean  
1.000 x Ct 22.400  
1.000 x Cv26.760  
1.000 x t 26.609  
1.000 x T 27.060  
4.000 x Ct 10.674  
4.000 x Cv11.576  
4.000 x t 11.275  
4.000 x T 15.334  
6.000 x Ct 8.118  
6.000 x Cv12.027  
6.000 x t 10.824  
6.000 x T 13.530  
8.000 x Ct 13.981  
8.000 x Cv13.079  
8.000 x t 17.589  
8.000 x T 12.177  
Std Err of LS Mean = 0.125 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 1 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
T vs. Ct 4.660 26.437 <0.001 0.009 Yes  
Cv vs. Ct 4.360 24.731 <0.001 0.010 Yes  
t vs. Ct 4.209 23.878 <0.001 0.013 Yes  
T vs. t 0.451 2.558 0.015 0.017 Yes  
T vs. Cv 0.301 1.706 0.098 0.025 No  
Cv vs. t 0.150 0.853 0.400 0.050 No  
 
 
Comparisons for factor: Treatment within 4 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
T vs. Ct 4.660 26.437 <0.001 0.009 Yes  
T vs. t 4.059 23.026 <0.001 0.010 Yes  
T vs. Cv 3.758 21.320 <0.001 0.013 Yes  
Cv vs. Ct 0.902 5.117 <0.001 0.017 Yes  
t vs. Ct 0.601 3.411 0.002 0.025 Yes  
Cv vs. t 0.301 1.706 0.098 0.050 No  
 
 
Comparisons for factor: Treatment within 6 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
T vs. Ct 5.412 30.701 <0.001 0.009 Yes  
Cv vs. Ct 3.909 22.173 <0.001 0.010 Yes  
T vs. t 2.706 15.350 <0.001 0.013 Yes  
t vs. Ct 2.706 15.350 <0.001 0.017 Yes  
T vs. Cv 1.503 8.528 <0.001 0.025 Yes  
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Cv vs. t 1.203 6.822 <0.001 0.050 Yes  
 
 
Comparisons for factor: Treatment within 8 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
t vs. T 5.412 30.701 <0.001 0.009 Yes  
t vs. Cv 4.510 25.584 <0.001 0.010 Yes  
t vs. Ct 3.608 20.467 <0.001 0.013 Yes  
Ct vs. T 1.804 10.234 <0.001 0.017 Yes  
Ct vs. Cv 0.902 5.117 <0.001 0.025 Yes  
Cv vs. T 0.902 5.117 <0.001 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within Ct 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
1.000 vs. 6.000 14.282 81.016 <0.001 0.009 Yes  
1.000 vs. 4.000 11.726 66.519 <0.001 0.010 Yes  
1.000 vs. 8.000 8.419 47.757 <0.001 0.013 Yes  
8.000 vs. 6.000 5.863 33.259 <0.001 0.017 Yes  
8.000 vs. 4.000 3.307 18.762 <0.001 0.025 Yes  
4.000 vs. 6.000 2.556 14.498 <0.001 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within Cv 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
1.000 vs. 4.000 15.184 86.133 <0.001 0.009 Yes  
1.000 vs. 6.000 14.733 83.575 <0.001 0.010 Yes  
1.000 vs. 8.000 13.681 77.605 <0.001 0.013 Yes  
8.000 vs. 4.000 1.503 8.528 <0.001 0.017 Yes  
8.000 vs. 6.000 1.052 5.970 <0.001 0.025 Yes  
6.000 vs. 4.000 0.451 2.558 0.015 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within t 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
1.000 vs. 6.000 15.785 89.544 <0.001 0.009 Yes  
1.000 vs. 4.000 15.334 86.986 <0.001 0.010 Yes  
1.000 vs. 8.000 9.020 51.168 <0.001 0.013 Yes  
8.000 vs. 6.000 6.765 38.376 <0.001 0.017 Yes  
8.000 vs. 4.000 6.314 35.818 <0.001 0.025 Yes  
4.000 vs. 6.000 0.451 2.558 0.015 0.050 Yes  
 
 
Comparisons for factor: Time (Days) within T 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
1.000 vs. 8.000 14.883 84.427 <0.001 0.009 Yes  
1.000 vs. 6.000 13.530 76.752 <0.001 0.010 Yes  
1.000 vs. 4.000 11.726 66.519 <0.001 0.013 Yes  
4.000 vs. 8.000 3.157 17.909 <0.001 0.017 Yes  
4.000 vs. 6.000 1.804 10.234 <0.001 0.025 Yes  
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6.000 vs. 8.000 1.353 7.675 <0.001 0.050 Yes  
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Appendix 5: Data Analysis for Chapter Seven 
Tomato Colour Control 
 
Two Way Analysis of Variance Wednesday, August 26, 2009, 07:52:18 
 
Data source: Data 1 in Tomato Preharvest Work August 2009 
 
Balanced Design 
 
Dependent Variable: Colour (Picked) 
 
Normality Test: Passed (P = 0.642) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation DF   SS   MS    F    P  
Time 3 3796.158 1265.386 23.005 <0.001  
Treatment 2 1867.811 933.905 16.979 <0.001  
Time x Treatment 6 2397.016 399.503 7.263 0.002  
Residual 12 660.045 55.004    
Total 23 8721.030 379.175    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time depends on what level of Treatment is present.  
There is a statistically significant interaction between Time and Treatment.  (P = 
0.002) 
 
Power of performed test with alpha = 0.0500:  for Time : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.997 
Power of performed test with alpha = 0.0500:  for Time x Treatment : 0.968 
 
Least square means for Time :  
Group Mean  
0.000 173.817  
3.000 179.817  
9.000 183.750  
12.000 207.000  
Std Err of LS Mean = 3.028 
 
Least square means for Treatment :  
Group Mean  
conPick191.750  
UVPL 192.900  
UVPH 173.637  
Std Err of LS Mean = 2.622 
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Least square means for Time x Treatment :  
Group Mean  
0.000 x conPick 170.850  
0.000 x UVPL 193.050  
0.000 x UVPH 157.550  
3.000 x conPick 179.050  
3.000 x UVPL 197.750  
3.000 x UVPH 162.650  
9.000 x conPick 206.500  
9.000 x UVPL 178.050  
9.000 x UVPH 166.700  
12.000 x conPick210.600  
12.000 x UVPL 202.750  
12.000 x UVPH 207.650  
Std Err of LS Mean = 5.244 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 0 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
UVPL vs. UVPH 35.500 4.787 <0.001 0.017 Yes  
UVPL vs. conPick 22.200 2.993 0.011 0.025 Yes  
conPick vs. UVPH 13.300 1.793 0.098 0.050 No  
 
 
Comparisons for factor: Treatment within 3 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
UVPL vs. UVPH 35.100 4.733 <0.001 0.017 Yes  
UVPL vs. conPick 18.700 2.521 0.027 0.025 No  
conPick vs. UVPH 16.400 2.211 0.047 0.050 Yes  
 
 
Comparisons for factor: Treatment within 9 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
conPick vs. UVPH 39.800 5.366 <0.001 0.017 Yes  
conPick vs. UVPL 28.450 3.836 0.002 0.025 Yes  
UVPL vs. UVPH 11.350 1.530 0.152 0.050 No  
 
 
Comparisons for factor: Treatment within 12 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
conPick vs. UVPL 7.850 1.058 0.311 0.017 No  
UVPH vs. UVPL 4.900 0.661 0.521 0.025 No  
conPick vs. UVPH 2.950 0.398 0.698 0.050 No  
 
 
Comparisons for factor: Time within conPick 
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Comparison Diff of Means t Unadjusted P Critical Level Significant? 
12.000 vs. 0.000 39.750 5.360 <0.001 0.009 Yes  
9.000 vs. 0.000 35.650 4.807 <0.001 0.010 Yes  
12.000 vs. 3.000 31.550 4.254 0.001 0.013 Yes  
9.000 vs. 3.000 27.450 3.701 0.003 0.017 Yes  
3.000 vs. 0.000 8.200 1.106 0.291 0.025 No  
12.000 vs. 9.000 4.100 0.553 0.591 0.050 No  
 
 
Comparisons for factor: Time within UVPL 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
12.000 vs. 9.000 24.700 3.330 0.006 0.009 Yes  
3.000 vs. 9.000 19.700 2.656 0.021 0.010 No  
0.000 vs. 9.000 15.000 2.023 0.066 0.013 No  
12.000 vs. 0.000 9.700 1.308 0.215 0.017 No  
12.000 vs. 3.000 5.000 0.674 0.513 0.025 No  
3.000 vs. 0.000 4.700 0.634 0.538 0.050 No  
 
 
Comparisons for factor: Time within UVPH 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
12.000 vs. 0.000 50.100 6.755 <0.001 0.009 Yes  
12.000 vs. 3.000 45.000 6.068 <0.001 0.010 Yes  
12.000 vs. 9.000 40.950 5.522 <0.001 0.013 Yes  
9.000 vs. 0.000 9.150 1.234 0.241 0.017 No  
3.000 vs. 0.000 5.100 0.688 0.505 0.025 No  
9.000 vs. 3.000 4.050 0.546 0.595 0.050 No  
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Two Way Analysis of Variance Wednesday, August 26, 2009, 07:53:57 
 
Data source: Data 1 in Tomato Preharvest Work August 2009 
 
Balanced Design 
 
Dependent Variable: Texture (picked) 
 
Normality Test: Passed (P = 0.488) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation DF   SS   MS    F    P   
Time 3 1714689.991 571563.330 26.692 <0.001  
Treatment 2 27897.003 13948.502 0.651 0.539  
Time x Treatment 6 430289.680 71714.947 3.349 0.035  
Residual 12 256959.085 21413.257    
Total 23 2429835.760 105645.033    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time depends on what level of Treatment is present.  
There is a statistically significant interaction between Time and Treatment.  (P = 
0.035) 
 
Power of performed test with alpha = 0.0500:  for Time : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.0500 
Power of performed test with alpha = 0.0500:  for Time x Treatment : 0.574 
 
Least square means for Time :  
Group Mean  
0.000 1676.900  
3.000 1392.400  
9.000 1251.300  
12.000 934.517  
Std Err of LS Mean = 59.740 
 
Least square means for Treatment :  
Group Mean  
conPick1312.963  
UVPL 1272.438  
UVPH 1355.937  
Std Err of LS Mean = 51.736 
 
Least square means for Time x Treatment :  
Group Mean  
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0.000 x conPick1917.500  
0.000 x UVPL 1580.200  
0.000 x UVPH 1533.000  
3.000 x conPick1470.650  
3.000 x UVPL 1305.350  
3.000 x UVPH 1401.200  
9.000 x conPick1109.200  
9.000 x UVPL 1334.850  
9.000 x UVPH 1309.850  
12.000 x conPick754.500  
12.000 x UVPL 869.350  
12.000 x UVPH 1179.700  
Std Err of LS Mean = 103.473 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 0 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
conPick vs. UVPH 384.500 2.628 0.022 0.017 No  
conPick vs. UVPL 337.300 2.305 0.040 0.025 No  
UVPL vs. UVPH 47.200 0.323 0.753 0.050 No  
 
 
Comparisons for factor: Treatment within 3 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
conPick vs. UVPL 165.300 1.130 0.281 0.017 No  
UVPH vs. UVPL 95.850 0.655 0.525 0.025 No  
conPick vs. UVPH 69.450 0.475 0.644 0.050 No  
 
 
Comparisons for factor: Treatment within 9 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
UVPL vs. conPick 225.650 1.542 0.149 0.017 No  
UVPH vs. conPick 200.650 1.371 0.195 0.025 No  
UVPL vs. UVPH 25.000 0.171 0.867 0.050 No  
 
 
Comparisons for factor: Treatment within 12 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
UVPH vs. conPick 425.200 2.906 0.013 0.017 Yes  
UVPH vs. UVPL 310.350 2.121 0.055 0.025 No  
UVPL vs. conPick 114.850 0.785 0.448 0.050 No  
 
 
Comparisons for factor: Time within conPick 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
0.000 vs. 12.000 1163.000 7.948 <0.001 0.009 Yes  
0.000 vs. 9.000 808.300 5.524 <0.001 0.010 Yes  
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3.000 vs. 12.000 716.150 4.894 <0.001 0.013 Yes  
0.000 vs. 3.000 446.850 3.054 0.010 0.017 Yes  
3.000 vs. 9.000 361.450 2.470 0.029 0.025 No  
9.000 vs. 12.000 354.700 2.424 0.032 0.050 Yes  
 
 
Comparisons for factor: Time within UVPL 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
0.000 vs. 12.000 710.850 4.858 <0.001 0.009 Yes  
9.000 vs. 12.000 465.500 3.181 0.008 0.010 Yes  
3.000 vs. 12.000 436.000 2.980 0.011 0.013 Yes  
0.000 vs. 3.000 274.850 1.878 0.085 0.017 No  
0.000 vs. 9.000 245.350 1.677 0.119 0.025 No  
9.000 vs. 3.000 29.500 0.202 0.844 0.050 No  
 
 
Comparisons for factor: Time within UVPH 
Comparison Diff of Means t Unadjusted P Critical Level Significant? 
0.000 vs. 12.000 353.300 2.414 0.033 0.009 No  
0.000 vs. 9.000 223.150 1.525 0.153 0.010 No  
3.000 vs. 12.000 221.500 1.514 0.156 0.013 No  
0.000 vs. 3.000 131.800 0.901 0.385 0.017 No  
9.000 vs. 12.000 130.150 0.889 0.391 0.025 No  
3.000 vs. 9.000 91.350 0.624 0.544 0.050 No  
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Two Way Analysis of Variance Monday, July 06, 2009, 21:06:52 
 
Data source: Data 1 in DATA ANALYSIS 
 
Balanced Design 
 
Dependent Variable: Colour (Mature Green on Vine) 
 
Normality Test: Failed (P < 0.050) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation DF   SS   MS    F    P   
Time 5 196933.575 39386.715 27.614 <0.001  
Treatment 4 32671.345 8167.836 5.726 <0.001  
Time x Treatment 20 60726.339 3036.317 2.129 0.013  
Residual 60 85579.846 1426.331    
Total 89 375911.105 4223.720    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time depends on what level of Treatment is present.  
There is a statistically significant interaction between Time and Treatment.  (P = 
0.013) 
 
Power of performed test with alpha = 0.0500:  for Time : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.944 
Power of performed test with alpha = 0.0500:  for Time x Treatment : 0.711 
 
Least square means for Time :  
Group Mean  
1.000 -129.650  
2.000 -132.824  
3.000 -125.081  
4.000 -94.849  
5.000 -76.693  
6.000 1.346  
Std Err of LS Mean = 9.751 
 
Least square means for Treatment :  
Group Mean  
CHL -70.649  
CHH -98.675  
UVL -111.773  
UVH -113.391  
CON -70.305  
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Std Err of LS Mean = 8.902 
 
Least square means for Time x Treatment :  
Group Mean  
1.000 x CHL-124.912  
1.000 x CHH-127.119  
1.000 x UVL-127.119  
1.000 x UVH-127.119  
1.000 x CON-141.980  
2.000 x CHL-131.385  
2.000 x CHH-133.600  
2.000 x UVL-129.449  
2.000 x UVH-133.481  
2.000 x CON-136.205  
3.000 x CHL-126.820  
3.000 x CHH-131.137  
3.000 x UVL-125.578  
3.000 x UVH-117.636  
3.000 x CON-124.234  
4.000 x CHL -70.422  
4.000 x CHH-103.154  
4.000 x UVL-116.430  
4.000 x UVH-120.636  
4.000 x CON-63.602  
5.000 x CHL -31.356  
5.000 x CHH-109.249  
5.000 x UVL-108.128  
5.000 x UVH-96.019  
5.000 x CON-38.713  
6.000 x CHL 61.005  
6.000 x CHH 12.206  
6.000 x UVL -63.932  
6.000 x UVH-85.454  
6.000 x CON 82.906  
Std Err of LS Mean = 21.805 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 1 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
CHL vs. CON 17.067 0.553 0.582 0.005 No  
CHH vs. CON 14.860 0.482 0.632 0.006 No  
UVL vs. CON 14.860 0.482 0.632 0.006 No  
UVH vs. CON 14.860 0.482 0.632 0.007 No  
CHL vs. CHH 2.207 0.0716 0.943 0.009 No  
CHL vs. UVL 2.207 0.0716 0.943 0.010 No  
CHL vs. UVH 2.207 0.0716 0.943 0.013 No  
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CHH vs. UVH 0.000 0.000 1.000 0.017 No  
CHH vs. UVL 0.000 0.000 1.000 0.025 No  
UVL vs. UVH 0.000 0.000 1.000 0.050 No  
 
 
Comparisons for factor: Treatment within 2 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
UVL vs. CON 6.757 0.219 0.827 0.005 No  
CHL vs. CON 4.820 0.156 0.876 0.006 No  
UVL vs. CHH 4.151 0.135 0.893 0.006 No  
UVL vs. UVH 4.032 0.131 0.896 0.007 No  
UVH vs. CON 2.724 0.0883 0.930 0.009 No  
CHH vs. CON 2.605 0.0845 0.933 0.010 No  
CHL vs. CHH 2.215 0.0718 0.943 0.013 No  
CHL vs. UVH 2.096 0.0680 0.946 0.017 No  
UVL vs. CHL 1.937 0.0628 0.950 0.025 No  
UVH vs. CHH 0.119 0.00386 0.997 0.050 No  
 
 
Comparisons for factor: Treatment within 3 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
UVH vs. CHH 13.501 0.438 0.663 0.005 No  
UVH vs. CHL 9.185 0.298 0.767 0.006 No  
UVH vs. UVL 7.942 0.258 0.798 0.006 No  
CON vs. CHH 6.903 0.224 0.824 0.007 No  
UVH vs. CON 6.598 0.214 0.831 0.009 No  
UVL vs. CHH 5.559 0.180 0.858 0.010 No  
CHL vs. CHH 4.316 0.140 0.889 0.013 No  
CON vs. CHL 2.586 0.0839 0.933 0.017 No  
CON vs. UVL 1.344 0.0436 0.965 0.025 No  
UVL vs. CHL 1.242 0.0403 0.968 0.050 No  
 
 
Comparisons for factor: Treatment within 4 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
CON vs. UVH 57.034 1.850 0.069 0.005 No  
CON vs. UVL 52.829 1.713 0.092 0.006 No  
CHL vs. UVH 50.214 1.628 0.109 0.006 No  
CHL vs. UVL 46.008 1.492 0.141 0.007 No  
CON vs. CHH 39.552 1.283 0.205 0.009 No  
CHL vs. CHH 32.732 1.061 0.293 0.010 No  
CHH vs. UVH 17.482 0.567 0.573 0.013 No  
CHH vs. UVL 13.276 0.431 0.668 0.017 No  
CON vs. CHL 6.821 0.221 0.826 0.025 No  
UVL vs. UVH 4.206 0.136 0.892 0.050 No  
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Comparisons for factor: Treatment within 5 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
CHL vs. CHH 77.892 2.526 0.014 0.005 No  
CHL vs. UVL 76.772 2.490 0.016 0.006 No  
CON vs. CHH 70.536 2.287 0.026 0.006 No  
CON vs. UVL 69.415 2.251 0.028 0.007 No  
CHL vs. UVH 64.663 2.097 0.040 0.009 No  
CON vs. UVH 57.306 1.858 0.068 0.010 No  
UVH vs. CHH 13.230 0.429 0.669 0.013 No  
UVH vs. UVL 12.109 0.393 0.696 0.017 No  
CHL vs. CON 7.356 0.239 0.812 0.025 No  
UVL vs. CHH 1.121 0.0363 0.971 0.050 No  
 
 
Comparisons for factor: Treatment within 6 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
CON vs. UVH 168.360 5.460 <0.001 0.005 Yes  
CON vs. UVL 146.838 4.762 <0.001 0.006 Yes  
CHL vs. UVH 146.459 4.750 <0.001 0.006 Yes  
CHL vs. UVL 124.937 4.052 <0.001 0.007 Yes  
CHH vs. UVH 97.661 3.167 0.002 0.009 Yes  
CHH vs. UVL 76.138 2.469 0.016 0.010 No  
CON vs. CHH 70.700 2.293 0.025 0.013 No  
CHL vs. CHH 48.798 1.582 0.119 0.017 No  
CON vs. CHL 21.901 0.710 0.480 0.025 No  
UVL vs. UVH 21.522 0.698 0.488 0.050 No  
 
 
Comparisons for factor: Time within CHL 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
6.000 vs. 2.000 192.390 6.239 <0.001 0.003 Yes  
6.000 vs. 3.000 187.825 6.091 <0.001 0.004 Yes  
6.000 vs. 1.000 185.917 6.029 <0.001 0.004 Yes  
6.000 vs. 4.000 131.427 4.262 <0.001 0.004 Yes  
5.000 vs. 2.000 100.029 3.244 0.002 0.005 Yes  
5.000 vs. 3.000 95.464 3.096 0.003 0.005 Yes  
5.000 vs. 1.000 93.556 3.034 0.004 0.006 Yes  
6.000 vs. 5.000 92.361 2.995 0.004 0.006 Yes  
4.000 vs. 2.000 60.963 1.977 0.053 0.007 No  
4.000 vs. 3.000 56.398 1.829 0.072 0.009 No  
4.000 vs. 1.000 54.490 1.767 0.082 0.010 No  
5.000 vs. 4.000 39.066 1.267 0.210 0.013 No  
1.000 vs. 2.000 6.473 0.210 0.834 0.017 No  
3.000 vs. 2.000 4.565 0.148 0.883 0.025 No  
1.000 vs. 3.000 1.908 0.0619 0.951 0.050 No  
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Comparisons for factor: Time within CHH 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
6.000 vs. 2.000 145.806 4.728 <0.001 0.003 Yes  
6.000 vs. 3.000 143.343 4.648 <0.001 0.004 Yes  
6.000 vs. 1.000 139.326 4.518 <0.001 0.004 Yes  
6.000 vs. 5.000 121.455 3.939 <0.001 0.004 Yes  
6.000 vs. 4.000 115.360 3.741 <0.001 0.005 Yes  
4.000 vs. 2.000 30.446 0.987 0.327 0.005 No  
4.000 vs. 3.000 27.983 0.907 0.368 0.006 No  
5.000 vs. 2.000 24.352 0.790 0.433 0.006 No  
4.000 vs. 1.000 23.965 0.777 0.440 0.007 No  
5.000 vs. 3.000 21.888 0.710 0.481 0.009 No  
5.000 vs. 1.000 17.871 0.580 0.564 0.010 No  
1.000 vs. 2.000 6.481 0.210 0.834 0.013 No  
4.000 vs. 5.000 6.095 0.198 0.844 0.017 No  
1.000 vs. 3.000 4.017 0.130 0.897 0.025 No  
3.000 vs. 2.000 2.463 0.0799 0.937 0.050 No  
 
 
Comparisons for factor: Time within UVL 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
6.000 vs. 2.000 65.517 2.125 0.038 0.003 No  
6.000 vs. 1.000 63.187 2.049 0.045 0.004 No  
6.000 vs. 3.000 61.646 1.999 0.050 0.004 No  
6.000 vs. 4.000 52.498 1.702 0.094 0.004 No  
6.000 vs. 5.000 44.196 1.433 0.157 0.005 No  
5.000 vs. 2.000 21.321 0.691 0.492 0.005 No  
5.000 vs. 1.000 18.992 0.616 0.540 0.006 No  
5.000 vs. 3.000 17.450 0.566 0.574 0.006 No  
4.000 vs. 2.000 13.019 0.422 0.674 0.007 No  
4.000 vs. 1.000 10.689 0.347 0.730 0.009 No  
4.000 vs. 3.000 9.148 0.297 0.768 0.010 No  
5.000 vs. 4.000 8.302 0.269 0.789 0.013 No  
3.000 vs. 2.000 3.871 0.126 0.901 0.017 No  
1.000 vs. 2.000 2.329 0.0755 0.940 0.025 No  
3.000 vs. 1.000 1.541 0.0500 0.960 0.050 No  
 
 
Comparisons for factor: Time within UVH 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
6.000 vs. 2.000 48.027 1.557 0.125 0.003 No  
6.000 vs. 1.000 41.665 1.351 0.182 0.004 No  
5.000 vs. 2.000 37.462 1.215 0.229 0.004 No  
6.000 vs. 4.000 35.181 1.141 0.258 0.004 No  
6.000 vs. 3.000 32.181 1.044 0.301 0.005 No  
5.000 vs. 1.000 31.100 1.009 0.317 0.005 No  
5.000 vs. 4.000 24.617 0.798 0.428 0.006 No  
244 
 
5.000 vs. 3.000 21.617 0.701 0.486 0.006 No  
3.000 vs. 2.000 15.845 0.514 0.609 0.007 No  
4.000 vs. 2.000 12.845 0.417 0.678 0.009 No  
6.000 vs. 5.000 10.565 0.343 0.733 0.010 No  
3.000 vs. 1.000 9.484 0.308 0.759 0.013 No  
4.000 vs. 1.000 6.484 0.210 0.834 0.017 No  
1.000 vs. 2.000 6.362 0.206 0.837 0.025 No  
3.000 vs. 4.000 3.000 0.0973 0.923 0.050 No  
 
 
Comparisons for factor: Time within CON 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
6.000 vs. 1.000 224.886 7.293 <0.001 0.003 Yes  
6.000 vs. 2.000 219.112 7.106 <0.001 0.004 Yes  
6.000 vs. 3.000 207.140 6.717 <0.001 0.004 Yes  
6.000 vs. 4.000 146.508 4.751 <0.001 0.004 Yes  
6.000 vs. 5.000 121.619 3.944 <0.001 0.005 Yes  
5.000 vs. 1.000 103.267 3.349 0.001 0.005 Yes  
5.000 vs. 2.000 97.493 3.162 0.002 0.006 Yes  
5.000 vs. 3.000 85.521 2.773 0.007 0.006 No  
4.000 vs. 1.000 78.378 2.542 0.014 0.007 No  
4.000 vs. 2.000 72.604 2.354 0.022 0.009 No  
4.000 vs. 3.000 60.632 1.966 0.054 0.010 No  
5.000 vs. 4.000 24.889 0.807 0.423 0.013 No  
3.000 vs. 1.000 17.745 0.575 0.567 0.017 No  
3.000 vs. 2.000 11.971 0.388 0.699 0.025 No  
2.000 vs. 1.000 5.774 0.187 0.852 0.050 No  
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Two Way Analysis of Variance Wednesday, August 26, 2009, 08:22:39 
 
Data source: Data 1 in Tomato Preharvest Work August 2009 
 
Balanced Design 
 
Dependent Variable: Texture (Inoculated with P. digitatum) 
 
Normality Test: Passed (P = 0.513) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation DF   SS   MS    F    P   
Time 3 2945292.223 981764.074 33.290 <0.001  
Treatment 2 495090.126 247545.063 8.394 0.005  
Time x Treatment 6 690880.534 115146.756 3.904 0.021  
Residual 12 353900.030 29491.669    
Total 23 4485162.913 195007.083    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time depends on what level of Treatment is present.  
There is a statistically significant interaction between Time and Treatment.  (P = 
0.021) 
 
Power of performed test with alpha = 0.0500:  for Time : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.872 
Power of performed test with alpha = 0.0500:  for Time x Treatment : 0.682 
 
Least square means for Time :  
Group Mean  
0.000 1741.333  
3.000 1247.283  
9.000 972.500  
12.000 820.617  
Std Err of LS Mean = 70.109 
 
Least square means for Treatment :  
Group Mean  
conPick P1000.450  
UVPL P 1243.638  
UVPH P 1342.213  
Std Err of LS Mean = 60.716 
 
Least square means for Time x Treatment :  
Group Mean  
0.000 x conPick P1913.300  
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0.000 x UVPL P 1610.200 
0.000 x UVPH P 1700.500 
3.000 x conPick P 989.800 
3.000 x UVPL P 1357.200 
3.000 x UVPH P 1394.850 
9.000 x conPick P 673.350 
9.000 x UVPL P 935.000 
9.000 x UVPH P 1309.150 
12.000 x conPick P425.350  
12.000 x UVPL P 1072.150 
12.000 x UVPH P 964.350 
Std Err of LS Mean = 121.432 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 0 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
conPick P vs. UVPL P 303.100 1.765 0.103 0.017 No  
conPick P vs. UVPH P 212.800 1.239 0.239 0.025 No  
UVPH P vs. UVPL P 90.300 0.526 0.609 0.050 No  
 
 
Comparisons for factor: Treatment within 3 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
UVPH P vs. conPick P 405.050 2.359 0.036 0.017 No  
UVPL P vs. conPick P 367.400 2.139 0.054 0.025 No  
UVPH P vs. UVPL P 37.650 0.219 0.830 0.050 No  
 
 
Comparisons for factor: Treatment within 9 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
UVPH P vs. conPick P 635.800 3.702 0.003 0.017 Yes  
UVPH P vs. UVPL P 374.150 2.179 0.050 0.025 No  
UVPL P vs. conPick P 261.650 1.524 0.154 0.050 No  
 
 
Comparisons for factor: Treatment within 12 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
UVPL P vs. conPick P 646.800 3.766 0.003 0.017 Yes  
UVPH P vs. conPick P 539.000 3.139 0.009 0.025 Yes  
UVPL P vs. UVPH P 107.800 0.628 0.542 0.050 No  
 
 
Comparisons for factor: Time within conPick P 
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Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
0.000 vs. 12.000 1487.950 8.664 <0.001 0.009 Yes  
0.000 vs. 9.000 1239.950 7.220 <0.001 0.010 Yes  
0.000 vs. 3.000 923.500 5.378 <0.001 0.013 Yes  
3.000 vs. 12.000 564.450 3.287 0.006 0.017 Yes  
3.000 vs. 9.000 316.450 1.843 0.090 0.025 No  
9.000 vs. 12.000 248.000 1.444 0.174 0.050 No  
 
 
Comparisons for factor: Time within UVPL P 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
0.000 vs. 9.000 675.200 3.932 0.002 0.009 Yes  
0.000 vs. 12.000 538.050 3.133 0.009 0.010 Yes  
3.000 vs. 9.000 422.200 2.458 0.030 0.013 No  
3.000 vs. 12.000 285.050 1.660 0.123 0.017 No  
0.000 vs. 3.000 253.000 1.473 0.166 0.025 No  
12.000 vs. 9.000 137.150 0.799 0.440 0.050 No  
 
 
Comparisons for factor: Time within UVPH P 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
0.000 vs. 12.000 736.150 4.287 0.001 0.009 Yes  
3.000 vs. 12.000 430.500 2.507 0.028 0.010 No  
0.000 vs. 9.000 391.350 2.279 0.042 0.013 No  
9.000 vs. 12.000 344.800 2.008 0.068 0.017 No  
0.000 vs. 3.000 305.650 1.780 0.100 0.025 No  
3.000 vs. 9.000 85.700 0.499 0.627 0.050 No  
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Two Way Analysis of Variance Wednesday, August 26, 2009, 08:39:53 
 
Data source: Data 1 in Tomato Preharvest Work August 2009 
 
Balanced Design 
 
Dependent Variable: Texture (Inoculated with C. gloeosporioides)  
 
Normality Test: Passed (P = 0.582) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation DF   SS   MS    F    P   
Time 3 2772893.875 924297.958 65.312 <0.001  
Treatment 2 361083.643 180541.822 12.757 0.001  
Time x Treatment 6 523278.270 87213.045 6.163 0.004  
Residual 12 169824.750 14152.063    
Total 23 3827080.538 166394.806    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time depends on what level of Treatment is present.  
There is a statistically significant interaction between Time and Treatment.  (P = 
0.004) 
 
Power of performed test with alpha = 0.0500:  for Time : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.979 
Power of performed test with alpha = 0.0500:  for Time x Treatment : 0.926 
 
Least square means for Time :  
Group Mean  
0.000 1708.383  
3.000 1248.283  
9.000 1126.167  
12.000 756.933  
Std Err of LS Mean = 48.566 
 
Least square means for Treatment :  
Group Mean  
conPick C1045.000  
UVPL C 1245.900  
UVPH C 1338.925  
Std Err of LS Mean = 42.060 
 
Least square means for Time x Treatment :  
Group Mean  
0.000 x conPick C1596.850  
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0.000 x UVPL C 1520.800 
0.000 x UVPH C 2007.500 
3.000 x conPick C1172.350  
3.000 x UVPL C 1423.300 
3.000 x UVPH C 1149.200 
9.000 x conPick C 873.800 
9.000 x UVPL C 1067.200 
9.000 x UVPH C 1437.500 
12.000 x conPick C537.000  
12.000 x UVPL C 972.300 
12.000 x UVPH C 761.500 
Std Err of LS Mean = 84.119 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 0 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
UVPH C vs. UVPL C 486.700 4.091 0.001 0.017 Yes  
UVPH C vs. conPick C 410.650 3.452 0.005 0.025 Yes  
conPick C vs. UVPL C 76.050 0.639 0.535 0.050 No  
 
 
Comparisons for factor: Treatment within 3 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
UVPL C vs. UVPH C 274.100 2.304 0.040 0.017 No  
UVPL C vs. conPick C 250.950 2.109 0.057 0.025 No  
conPick C vs. UVPH C 23.150 0.195 0.849 0.050 No  
 
 
Comparisons for factor: Treatment within 9 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
UVPH C vs. conPick C 563.700 4.738 <0.001 0.017 Yes  
UVPH C vs. UVPL C 370.300 3.113 0.009 0.025 Yes  
UVPL C vs. conPick C 193.400 1.626 0.130 0.050 No  
 
 
Comparisons for factor: Treatment within 12 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
UVPL C vs. conPick C 435.300 3.659 0.003 0.017 Yes  
UVPH C vs. conPick C 224.500 1.887 0.084 0.025 No  
UVPL C vs. UVPH C 210.800 1.772 0.102 0.050 No  
 
 
Comparisons for factor: Time within conPick C 
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Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
0.000 vs. 12.000 1059.850 8.909 <0.001 0.009 Yes  
0.000 vs. 9.000 723.050 6.078 <0.001 0.010 Yes  
3.000 vs. 12.000 635.350 5.341 <0.001 0.013 Yes  
0.000 vs. 3.000 424.500 3.568 0.004 0.017 Yes  
9.000 vs. 12.000 336.800 2.831 0.015 0.025 Yes  
3.000 vs. 9.000 298.550 2.510 0.027 0.050 Yes  
 
 
 
 
 
Comparisons for factor: Time within UVPL C 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
0.000 vs. 12.000 548.500 4.611 <0.001 0.009 Yes  
0.000 vs. 9.000 453.600 3.813 0.002 0.010 Yes  
3.000 vs. 12.000 451.000 3.791 0.003 0.013 Yes  
3.000 vs. 9.000 356.100 2.993 0.011 0.017 Yes  
0.000 vs. 3.000 97.500 0.820 0.428 0.025 No  
9.000 vs. 12.000 94.900 0.798 0.441 0.050 No  
 
 
Comparisons for factor: Time within UVPH C 
Comparison Diff of Means t Unadjusted P Critical Level Significant?
  
0.000 vs. 12.000 1246.000 10.474 <0.001 0.009 Yes  
0.000 vs. 3.000 858.300 7.215 <0.001 0.010 Yes  
9.000 vs. 12.000 676.000 5.682 <0.001 0.013 Yes  
0.000 vs. 9.000 570.000 4.791 <0.001 0.017 Yes  
3.000 vs. 12.000 387.700 3.259 0.007 0.025 Yes  
9.000 vs. 3.000 288.300 2.423 0.032 0.050 Yes  
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Appendix 6: Data Analysis for Chapter Eight 
Colour of Picked Strawberries 
 
Two Way Analysis of Variance Sunday, June 13, 2010, 22:13:20 
 
Data source: Data 1 in DATA ANALYSIS 
 
Balanced Design 
 
Dependent Variable: Colour-(a*/b*)  
 
Normality Test: Failed (P < 0.050) 
 
Equal Variance Test: Passed (P = 0.074) 
 
Source of Variation DF   SS   MS    F    P   
Time 5 0.293 0.0586 6.910 <0.001  
Treatment 2 0.435 0.217 25.607 <0.001  
Time x Treatment 10 0.212 0.0212 2.496 0.009  
Residual 144 1.222 0.00849    
Total 161 2.162 0.0134    
 
 
Main effects cannot be properly interpreted if significant interaction is determined. 
This is because the size of a factor's effect depends upon the level of the other 
factor. 
 
The effect of different levels of Time depends on what level of Treatment is present.  
There is a statistically significant interaction between Time and Treatment.  (P = 
0.009) 
 
Power of performed test with alpha = 0.0500:  for Time : 0.996 
Power of performed test with alpha = 0.0500:  for Treatment : 1.000 
Power of performed test with alpha = 0.0500:  for Time x Treatment : 0.725 
 
Least square means for Time :  
Group Mean  
1.000 -1.075  
2.000 -1.050  
3.000 -1.077  
4.000 -1.099  
5.000 -1.093  
6.000 -1.185  
Std Err of LS Mean = 0.0177 
 
Least square means for Treatment :  
Group Mean  
C1 -1.040  
L1 -1.085  
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H1 -1.165  
Std Err of LS Mean = 0.0125 
 
Least square means for Time x Treatment :  
Group Mean  
1.000 x C1 -1.055  
1.000 x L1 -1.095  
1.000 x H1 -1.075  
2.000 x C1 -1.004  
2.000 x L1 -1.044  
2.000 x H1 -1.103  
3.000 x C1 -1.073  
3.000 x L1 -1.013  
3.000 x H1 -1.144  
4.000 x C1 -1.040  
4.000 x L1 -1.088  
4.000 x H1 -1.168  
5.000 x C1 -0.974  
5.000 x L1 -1.115  
5.000 x H1 -1.189  
6.000 x C1 -1.093  
6.000 x L1 -1.153  
6.000 x H1 -1.310  
Std Err of LS Mean = 0.0307 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Treatment within 1 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
C1 vs. L1 0.0396 0.911 0.364 0.017 No  
H1 vs. L1 0.0198 0.457 0.649 0.025 No  
C1 vs. H1 0.0197 0.454 0.650 0.050 No  
 
 
Comparisons for factor: Treatment within 2 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
C1 vs. H1 0.0989 2.278 0.024 0.017 No  
L1 vs. H1 0.0590 1.358 0.177 0.025 No  
C1 vs. L1 0.0400 0.920 0.359 0.050 No  
 
 
Comparisons for factor: Treatment within 3 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
L1 vs. H1 0.131 3.027 0.003 0.017 Yes  
C1 vs. H1 0.0718 1.653 0.101 0.025 No  
L1 vs. C1 0.0597 1.374 0.171 0.050 No  
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Comparisons for factor: Treatment within 4 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
C1 vs. H1 0.128 2.953 0.004 0.017 Yes  
L1 vs. H1 0.0806 1.855 0.066 0.025 No  
C1 vs. L1 0.0476 1.097 0.274 0.050 No  
 
 
Comparisons for factor: Treatment within 5 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
C1 vs. H1 0.216 4.963 <0.001 0.017 Yes  
C1 vs. L1 0.141 3.242 0.001 0.025 Yes  
L1 vs. H1 0.0747 1.721 0.087 0.050 No  
 
 
Comparisons for factor: Treatment within 6 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
C1 vs. H1 0.217 4.999 <0.001 0.017 Yes  
L1 vs. H1 0.156 3.598 <0.001 0.025 Yes  
C1 vs. L1 0.0608 1.401 0.163 0.050 No  
 
 
Comparisons for factor: Time within C1 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
5.000 vs. 6.000 0.119 2.730 0.007 0.003 No  
5.000 vs. 3.000 0.0987 2.272 0.025 0.004 No  
2.000 vs. 6.000 0.0884 2.036 0.044 0.004 No  
5.000 vs. 1.000 0.0813 1.873 0.063 0.004 No  
2.000 vs. 3.000 0.0685 1.578 0.117 0.005 No  
5.000 vs. 4.000 0.0662 1.525 0.129 0.005 No  
4.000 vs. 6.000 0.0523 1.205 0.230 0.006 No  
2.000 vs. 1.000 0.0512 1.179 0.240 0.006 No  
1.000 vs. 6.000 0.0372 0.857 0.393 0.007 No  
2.000 vs. 4.000 0.0361 0.832 0.407 0.009 No  
4.000 vs. 3.000 0.0324 0.747 0.457 0.010 No  
5.000 vs. 2.000 0.0301 0.694 0.489 0.013 No  
3.000 vs. 6.000 0.0199 0.458 0.647 0.017 No  
1.000 vs. 3.000 0.0173 0.399 0.691 0.025 No  
4.000 vs. 1.000 0.0151 0.348 0.729 0.050 No  
 
 
Comparisons for factor: Time within L1 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
3.000 vs. 6.000 0.140 3.234 0.002 0.003 Yes  
2.000 vs. 6.000 0.109 2.517 0.013 0.004 No  
3.000 vs. 5.000 0.102 2.345 0.020 0.004 No  
3.000 vs. 1.000 0.0819 1.886 0.061 0.004 No  
3.000 vs. 4.000 0.0749 1.725 0.087 0.005 No  
2.000 vs. 5.000 0.0707 1.628 0.106 0.005 No  
4.000 vs. 6.000 0.0655 1.509 0.134 0.006 No  
1.000 vs. 6.000 0.0585 1.347 0.180 0.006 No  
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2.000 vs. 1.000 0.0508 1.170 0.244 0.007 No  
2.000 vs. 4.000 0.0438 1.008 0.315 0.009 No  
5.000 vs. 6.000 0.0386 0.889 0.376 0.010 No  
3.000 vs. 2.000 0.0311 0.717 0.475 0.013 No  
4.000 vs. 5.000 0.0269 0.620 0.536 0.017 No  
1.000 vs. 5.000 0.0199 0.458 0.647 0.025 No  
4.000 vs. 1.000 0.00701 0.161 0.872 0.050 No  
 
 
Comparisons for factor: Time within H1 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
1.000 vs. 6.000 0.235 5.401 <0.001 0.003 Yes  
2.000 vs. 6.000 0.207 4.757 <0.001 0.004 Yes  
3.000 vs. 6.000 0.165 3.804 <0.001 0.004 Yes  
4.000 vs. 6.000 0.141 3.251 0.001 0.004 Yes  
5.000 vs. 6.000 0.120 2.766 0.006 0.005 No  
1.000 vs. 5.000 0.114 2.636 0.009 0.005 No  
1.000 vs. 4.000 0.0934 2.151 0.033 0.006 No  
2.000 vs. 5.000 0.0865 1.991 0.048 0.006 No  
1.000 vs. 3.000 0.0694 1.597 0.112 0.007 No  
2.000 vs. 4.000 0.0654 1.506 0.134 0.009 No  
3.000 vs. 5.000 0.0451 1.038 0.301 0.010 No  
2.000 vs. 3.000 0.0414 0.953 0.342 0.013 No  
1.000 vs. 2.000 0.0280 0.645 0.520 0.017 No  
3.000 vs. 4.000 0.0240 0.553 0.581 0.025 No  
4.000 vs. 5.000 0.0211 0.485 0.628 0.050 No  
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Colour Vine Strawberries 
 
Two Way Analysis of Variance Sunday, June 13, 2010, 22:14:07 
 
Data source: Data 1 in DATA ANALYSIS 
 
General Linear Model 
 
Dependent Variable: Colour-(a*/b*)  
 
Normality Test: Failed (P < 0.050) 
 
Equal Variance Test: Failed (P < 0.050) 
 
Source of Variation DF   SS   MS    F    P   
Time 3 3.482 1.161 14.902 <0.001  
Treatment 2 0.821 0.411 5.274 0.007  
Time x Treatment 6 0.950 0.158 2.034 0.069  
Residual 89 6.931 0.0779    
Total 100 12.085 0.121    
 
 
The difference in the mean values among the different levels of Time is greater than 
would be expected by chance after allowing for effects of differences in Treatment.  
There is a statistically significant difference (P = <0.001).  To isolate which group(s) 
differ from the others use a multiple comparison procedure. 
 
The difference in the mean values among the different levels of Treatment is greater 
than would be expected by chance after allowing for effects of differences in Time.  
There is a statistically significant difference (P = 0.007).  To isolate which group(s) 
differ from the others use a multiple comparison procedure. 
 
The effect of different levels of Time does not depend on what level of Treatment is 
present.  There is not a statistically significant interaction between Time and 
Treatment.  (P = 0.069) 
 
Power of performed test with alpha = 0.0500:  for Time : 1.000 
Power of performed test with alpha = 0.0500:  for Treatment : 0.737 
Power of performed test with alpha = 0.0500:  for Time x Treatment : 0.383 
 
Least square means for Time :  
Group Mean SEM  
1.000 0.358 0.0537  
2.000 0.199 0.0614  
3.000 0.144 0.0548  
4.000 -0.146 0.0548  
 
 
Least square means for Treatment :  
Group Mean SEM  
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C1 0.129 0.0516  
L1 0.0355 0.0479  
H1 0.252 0.0465  
 
 
Least square means for Time x Treatment :  
Group Mean SEM  
1.000 x C1 0.364 0.0930  
1.000 x L1 0.378 0.0930  
1.000 x H1 0.334 0.0930  
2.000 x C1 0.0595 0.125 
2.000 x L1 0.193 0.0987  
2.000 x H1 0.343 0.0930  
3.000 x C1 0.116 0.0987  
3.000 x L1 0.00272 0.0930  
3.000 x H1 0.313 0.0930  
4.000 x C1 -0.0232 0.0930  
4.000 x L1 -0.432 0.0987  
4.000 x H1 0.0164 0.0930  
 
 
 
All Pairwise Multiple Comparison Procedures (Holm-Sidak method): 
Overall significance level = 0.05 
 
Comparisons for factor: Time 
Comparison Diff of Means t Unadjusted P Critical Level Significant?  
1.000 vs. 4.000 0.505 6.575 <0.001 0.009 Yes  
2.000 vs. 4.000 0.345 4.189 <0.001 0.010 Yes  
3.000 vs. 4.000 0.290 3.741 <0.001 0.013 Yes  
1.000 vs. 3.000 0.215 2.796 0.006 0.017 Yes  
1.000 vs. 2.000 0.160 1.958 0.053 0.025 No  
2.000 vs. 3.000 0.0548 0.666 0.507 0.050 No  
 
 
Comparisons for factor: Treatment 
ComparisonDiff of Means t Unadjusted P Critical Level Significant?  
H1 vs. L1 0.216 3.235 0.002 0.017 Yes  
H1 vs. C1 0.122 1.762 0.082 0.025 No  
C1 vs. L1 0.0937 1.330 0.187 0.050 No  
 
 
 
 
 
 
 
